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ABSTRACT

Conceptua lization and Deve lopment of a Dam Break
Life-Loss Estimation Model

by

Maged A. Aboelata, Doctor of Philosophy
Utah State University, 2005

Major Professor: Dr. David S. Bowles
Department: C ivil and Env ironmenta l Engineering

Catast rophic events s uc h as dam failures or severe noods are considered to be of
low probability, although their consequences can be extremely hi gh and mi ght include
loss of life. Earlier studies have linked circumstances surrounding his torical dam failure
events to actual loss of life and produced formulations using statistical ana lysis of these
events. Shortcomings of th ese methods include the inability to adjust life- loss estimates
based on the type of dam failure , global averaging of population at risk, and ignoring the
dynamics of the evacuation process.
The main objective of this research is to develop a practical and improved lifeloss estimation approach for use in dam safety risk assessment and emergency planning.
The methodology is specifically fonnulatcd to overcome the limitations of previous.
purely empirical, approaches. The approach takes into account the spatial and temporal
distribution of nood water depth and velocity, fate of buildings, simulation ofwaming

Ill

diiTusion, and tracking the movement of people from their original location towards safe
shelters.
The model created, called LIFE im , is designed to serve multipl e fun c tions. First,
it can be used in a Detem1inistic Mode using best estimate inputs to obtain po int
estimates, or to test different policies for evacuation as well as different times of the day
and for different dam breach floodin g scenarios. Second, the Uncertainty Mode
represents input and parameter uncertainties to provide estimates of life loss, and other
variables relating to warning and evacuation effectiveness, as probability distributions.
These di stributions of life loss can be combined wi th est imates of the uncertain ti es in
other ri sk assessment inputs, to ob tain cs tim otes of uncertainties in ri sk assessment
results, including evaluat ion s agai nst tolerabl e ri sk guid elines.
Two communities were used to demonstrate the model perfom1ance.
Deterministic Mode results display the various possible model outputs. Sensitivity
analysis for the Deterministic Mode shows that the eiTect of warning issuance time is the
dominant factor in the estimated life loss. However, other factors play an important role
such as th e time of day, effectiveness of th e warning system , and shelter loca tion .
Uncertainty Mod e results demon strate th e effect o f uncertainties in mode l para meters and
inputs on the model resu lts.
(274 pages)

iv
ACKNOWLEDG ME TS

At thi s time, I would li ke to acknowledge the people who helped me reach thi s
achi evement. My first acknowledgment is for my maj or advisor, Dr. David Bowles, for
accepting me as a graduate student under hi s supervi sio n, and for the unintermpted
assistance and enco uragement throughout the who le period o f my study. I would lik e to
thank Dr. Antho ny Chen for provid ing usefu l insights and ideas. My thanks also ex tend
to all other members o f my supervisi ng comm ittee, Drs. Loren Anderson, Terry G lover,
Mac McKee, and Sanj ay Chauhan, for their assistance and support .
I would like to thank my friend s and co lleagues in the Utah Water Research
Laboratory, who mad e my stud y peri od memorabl e.
And last, but not least, I wo uld like to thank my wife for being very supporti ve
and patient, and my parents for their conti nuous encouragement for success.
Funding of this research was made avai lable thorough the sponsorship of the US
Army Corps of Engineers, the Australian National Committee on Large Dams and many
of its organi zat ional members, the US Bureau of Reclamation (USBR), and Utah State
Uni versit y.
M aged Aboelata

v

CONTENTS

Page
ABSTRACT ... ..... ... ... ........ ... .... .... ..... .

. .. ... . . ...... . . ....... .. . . . . .. .... .. .. ................ 11

AC KNOWLED G MENTS .......... .... .

. .. . ..... . ...... . ... . ..... . ................ . ... . . . .. .. . IV

LI ST OF TAB LES .......... .... .......... .... .. .. .. ........ ..... ... .. .................... .................................... X I
LI ST OF FIGURES ... ... .... .. .. ......... .... ... .. ... ....................................................... ... ... .. .... ... XI I
ACRONYM S ..... ... ... ........... .... .. ...... ....... ... .... .. .... .... ... ......... ........ .... ..... .......................... XV II
CHAPTE R
I.

INTROD UCTION .. . .... .. ............... .... .. .. .. .. .. .. .. .... .......... ....................................... I
Need for Life-Loss Estim ation
...... .. .. .. ............. .. ... .. ...................... .. .. . .. ...... I
Research Obj ective..... .... .. .. .... ..
.. .. ......... .....
.. ....... I
Overvi ew of the Probl em .................
.. .... .. ..... .. .... .. ........ ...... . ...... ...... .... .. .. .. . 2
Goals for a Solution .. ...
.. ............... .... .................... .. .. .. .... ............................ . 4
Research Phases ... ..... .. ............. ... .... .. ... .... .. ... .. .. ....... ........ . ..... .... .... .................... 8
Determini sti c and U ncertai nty Modes.. .. ................. .. .. .. ...
.. .... .. ........ .. .. 9
Outline of the Dissertatio n .............................................................................. . I 0

II.

LJTERATUREREVIEW .................... .. ........ .
Loss of Life Estimation Methods .......... .. ...... .. .... .

.. ............. ....... 12
.. .. .. ................ . 12

Estimates from popul ation and building damage
.... .. ...... .. .. .... .. . 12
Estimates based on eco no mi c damage ........ .. .. .. ..................... ............ 13
Casualty ratios .. .. .. .. .... .... .... .... . .... .. ........ .... .. ........ . .... .. .. ...... ................ 14
Bureau ofReclamati on Model (Brown & Graham) .. .. .... ................... 14
Stanford/FEMA M odel .. .......... .. ........ .. .. ................ .... .. .......... ............. 15
DeKay and M cC lell and Model... .. ............ .... ........ .. .................. ....... ..... 17
BC Hydro Model ........ .............. .. .. .. .. .. .............. .. .................................. 18
Flood Routing Modeling ... ... ... .... .. ................................................................... 20
DAMBRKIFLDWAV .......................... .. ...... .... .... .. .... .. .... ... .......... .. ..... 22
HEC-RAS .......... ... ... .. .............................. ...... .. .... .. ... .... .... .. .. .. ... .... ..... .. 24

MIKE ll ....................... ................ ........ ...... .. ... .......... .. .. ...... ...... ...... ... .. 25

VI

MIKE21 ....... .. .......... .. .... ...... ....... .. ...... .............. .. .............. .................. 27
Remarks
·····•· ········ ····· ···· . 27

. ..... .................... 28
Loss of Shelter ..
Wading ... .... .. ....... ... .. .... ... .. ... .. ........ ....... ........................ .... ................. .. .... .. ... .. . 34
Warning and Evacuation ........ ........................ ............. ... ... .. ..... .. .. ..... ... ............ 38
Warning. ....... ..... .... .....
...... ............................ ....................... 40
Mobilization ........................... ... ... .... .... ... ... .............. ... .. .... .............................. 48
Evacuation and Clearance ..... .... .. .. ... ....... ........ ........ .......... ..............••. ............. 51
V ehicle Stability in Flooding. ... .... .... ....... ... ...................
.............. ......... 53
Monte Carlo Simulation ............. .. .. .... .... .... .. ........ ... ..... ....................... .. ............ 55
Ill.

FOUNDATIONS OF LIFESim MODEL ....... ... ... .. ............... ...... .... .... ......... ....... . 59
Case Histories .... ... ........... .. ............... ....... ..................................... ... .. ... .... ....... 59
subPar (Pari) .....
Par type (Pt)

·· ··· ·· ···· ··· ····· ·· ···· ············ ·· 60
..... 6 1

Havens ........ .

62

.............. ...... ....................... 62
Safe havens (Sh) .......... .... ..
..... ........ ..... .. .. .. 64
Chance havens (Ch)..... ...... . .....................
Pseudo-safe havens (Psh)
................•.............. .... ....
. ...... .... . 65
Aerated havens (Al1) .... .... ... ... ..... . ..... ..................... .... ......................... 66
Compromised havens (Coh) ... .. ...... .... ... ........ ... ..... .................. ............ 66
Loss of Shelter (Ls) ..... .... ........................................... .

····· ········ ·· ··· ··· ·· 67

Low category (Ls = L) .. ... ......... .. ..... .... ....... ........ ...... ................ ...... ..... 67
..... ..... .. ......... .. ..................... 68
Medium category (Ls = M) .... ... ....
.............. ...... ......... .......... 68
High category (Ls = H) ... ...... ........
Flood Zones ... .. .... ...................... .. ......... ...... .

············· ···· ·············· .. ... .. .... ... .. 69

Safe zones (Sz) .. . .. .. ............................... ..
Compromised zones (Coz) ........................ ..
Chance zones (Cz) ........ .............................. .. ..

.. .. .... ...... ......... 69
...... .... .. ............ 69
.. ......... ............ 69

Key Variables Used in LfFESim Model ...... .. ........ ......................................... 70
Lethality Zones as Approximations of Homogeneous Base Units ........... .... .... 74
Relationship between Census Blocks and HBUs and subPar ................ ........ .. . 76

VII

IV .

OV ERALL MODELING SYSTEM ....... .

.... .. ... ...................... ..... ... ..... .. 77

General... ...
........................ ..
... .. ...... ... .. .. ..... ......................... 77
Fai lure Event-Exposure Scenarios for Model Runs ....................... ..... .. ..... ... ... 78
Flood Routing Period and Profil e Se lection ..... ............ .... .... ........... .. .. ... ......... 8 1
Selection of Warning and Evacuati on Computational Time Step ......... .. ......... 83
Selection of Shelter Locations .
.................... .. ....................................... 83
.. .... .................. .. .............................. .... 85
LIFESim Modes of Operation.. .. .. .
Flood Routing Module .... .. .... ............................................................... ... .. .. ... 86
Loss of Shelter Module ........ .... ...................... .............. ............ ................ ...... .. 87
Warning and Evacuation Module ........ .... .......... ......... ....... .... .................. .. ...... . 90
Loss of Life Module .. ......... ..... ...... .... ...... ................................................... .. .... 94
Uncertainty Mode ...... ........ .. .. ......... .... ..... ....... .... .. ....... .. ..... .............................. 94
Uncertainty Data Preparation Module .... .... ..... .. . ............ .. .. ............... .. 96
Uncertainty Iteration Modu le ..... .. ......................................... .... .. ...... 96
LIFESim Outputs ......................................... .......... .... .......... .... .. ...... .. .. ...... . .. 97
V.

DATA PREPARATION MODUL ES .. ... ........ ..

100

[ntroduction ... .. ... .. .. ......... ...... ..................... ..........
.......................
HOP Module Summary of Approach.. .
.. .... ......... .... .. ..................
HOP Module Calculation Proced ure .... .. ... .. ....... .... .. .. ................... .................
Population Temporal Distributi on
......................... .............. .. ................
Spatial Population Di stribution ............... ....... .................. ..... ................ .. ..... ...
GOP Module Summary of Approach ........ .... .................................................
GOP Modu le Calculation Proced ure
... ................. ........ .....................
VI.

LOSS OF SHELTER MOD ULE ........

I 00
I0 I
I 02
105
I 09
114
11 5

...... ......... ...... ..... ....... .. .... ......... 11 8

.. ...... .. ... ...
Summary of Approach.. .. .................... .... .. ........
Calcu lation Procedure
......... .. .... ........ ...
.. .............. ..... ...................
Limitations.. ........
.. ... ........ .. ..... ..... ..... .. ................. ........ .......... ....
.. .............................. ............. ..... ................
Building Performance.

11 8
119
121
123

Building types
........... ... ........................ 123
.. .................. .......... ......... 125
Building damage states... .............
Submergence ................................... ...................... ........................... 125
Uncertainty Mode for LOS Module .. ............................. .............................. .. 126

viii
VTI. WARNING AND EVACUATIO

MODULE .... ..... .... .... .... .. ..... ....... .. .. .. ... ..... 129

Summary of Approach ..... ... ................. .. ................ ........ .............................. 129
Mod ul e Assumptions ........ ............................. .. ...... ............. ... ... ....... ... ... .. .... . 131
Ca lculation Procedure.......... .. .. .....
.. ...... .. ...... .. ................ .... .................. 133
Limitations .................. ..... .... ... ... .... .. ... .. .... ... ... ................. ............................ 135
Warning Component
....................... ....... .... ................. ..
.. ............ ... .... 136
Mobili zation Component ................................... ...............
.. .. .. .. .. .... .. .. .. .. . 143
Evacuation-Transportation Component ....... ... ... .. .... ... ..... .... .
.. ... 143
High-rise Building Evacuation ........................... ..
.. ................... 153
Simulation procedure .. .............................. .... ... ..... .... ... .. .... ..... .. .. .. .... . 154
Warning ... .... .. ....... .
.. .. ... ....... ............... ........ ...... ..... .. .... .... .... 156
Vertical speed of movement.. ..... .. .. .... ............ ................................... 156
Uncertainty in Warning and Evacuation Modu le .. .. .... .. .. .... .... ...... ..
Vlll. LOSS OF LIFE MODULE ............... .............. .

.. . 160
.. 163

Summary of approach ........................... ......... ..
...
Ca lcu lation Procedure
.. .. ...... .......... .
...
.. .............. .
Loss of Life Probability................. ..
.. .. .. .... .. ..... .. ....
Uncertainty Mode for Loss of Life Module ............. ............. .
.. .. .. .....
IX.

163
164
165
166

DEMONSTRATION OF UFESim .. .. .... ............... .. ........... .. .... .. .. .... ................... 169
Introduction ...... .. .............. ............. .............................. ...... .... ... .... .. ... .. .... ... ... . 169
Communi ty Descriptions ...... ........... .. ... ......................................................... 169
Community A: small rural area close to the dam ..
Community B: large urban area distant from dam
Deterministic Mode
Community A: Determini sti c Mode Results .. ..... .
Comm unity B Detem1ini stic Mode Results ........... .
Sensitivity Studies for Community A .....

.. ............. .... 169
.. ......... . 170
........ .. .. 171
.. ...... 175
.. .. ....... 178
.. ...... ........ .... .. ... 202

Warning issuance time ................ ....... .... .. .. ....................... .... .. ......... . 203
Time-of-day Scenario fo r warning issuance ..... ..... .. .. .. ..................... 204
Type ofwaming system ................. ...... .. .... .... .... ............................... 204
Location of emergency shelters ........ .. ....... ............................. ........... 205

IX

Building damage criteria .............. ... ... ........... .. .
Uncertainty Mode ........ ... .............................. ........... ..

...... ................ 206
······· ····· ··· ·· · 212

Loss of Shelter Module Parameters
................... ...... .... 214
Evacuation Module inputs and parameters ..
.. .. .......................... 2 15
Loss of Life Module parameters ......... .
.. .................................. 2 16
Uncertainty Mode results .............. .
.. 216
X.

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

...... ...... 226

Summary ..... ..... ..... ................................ ......... ... ..... .... ... .. .. ... ... ... .. ... .... ...... ..... 226
Modeling system ................ .... ......... ..... .. .................... .................... .. 226
Demonstration results ..................... .
.. ......................................... 230
Concl usion .. .. .... .... .. ..
Recommendations for Future Work ......

.. .......................... ............ ..... 232
.. .... 233

REFERENCES .. .

.. .... 236

APPENDICES ..

.. ... 244

VITA ......................... .

.. ............. .... 256

X

LIST OF TABLES

Table

Page
Black' s criteria for building damage ....

..... ......... .... ....... ... ...... .... 30

2

Sangrey, Murphy, and Nieber building c lassification
and average weights .. .... .......... ... ... .. .. ... .. .. .. .. ... ................................... ... .. ... ..... 3 1

3

Black damage criteria based on Sangrey, Murphy, and Nieber assumptions ... 31

4

USACE building classification ... ... .. .. .. ... .... .. .. ......... ............................... ..... ...... 32

5

US ACE building collapse cri teria ................. ..... ........ .... ... ................ .. .......... .... 32

6

RESCDAM recommended bui lding damage cri teria .................... ...... ... ..... .... .. 32

7

Human stability test results expressed as PN. ...........

8

HAZUS-MH populati on estimates for occ upancy types and
HAZUS-MH time-of-day scenarios... .. ......... ........
.... .... ....... .. ... ... .. 11 0

9

Mapping of HAWS-MH occupancy classes to LlFESi m
activity types ................ ............ .............. ... .......... ..... ... ..... ....... .. ... ...... ... ... ...... Ill

I0

LIFESim population estimates for time-of-day activity type distributions ..... Il l

II

HAZUS-MH building occupancy types .... ... ..... .... .... .................................... 113

12

HAZUS-MH occupancy types and building number of levels categories ..... .. 11 4

13

Road class characteristics .. . ... ............ ..

14

Parameters of the Rogers and Sorensen waming diffusion relationship ..... ... 144

15

Values for a 1f in the Rogers and Sorensen warn ing diffusion relationship ..... 144

16

Some key LIFESim Deterministic Mode parameters
and inputs used in sim ulati ons of Communi ti es A and B .. ..... .. ...... . ..... ... ... .... 174

17

Uncertainty Mode inputs .............. ................. ..... ... ..... ...... .. ...... ...................... 212

18

Uncertainty bounds for build ing damage criteria

... ... .. ..... .. ... .. .. .. .. 37

138

............................... 2 13

xi
19

Vehicles and pedestrians uncertai nt y stability criteria .... ................. ..... .... ..... 213

20

Statistics of warning uncertainty results for Community A ........... ................. 221

21

Statistics of mobilization uncertainty results for Community A .. ... .... .. .. .. .. .. . 222

22

Statistics of clearance uncerta inty results for Community A ................. .. ....... 223

23

Statistics of survival uncertainty results for Community A .. .. .

24

Statistics of life loss uncertainty results for Community A .... .. .. .. .. ..... .. ...... ... 225

......... 224

X II

LI ST OF FIGURES

Fi gure

Page
US ACE bui lding co ll apse curves.

...... ... ... ... .. .. . ..... .... ........ ..... ........... . 33

2

RESCDAM recommended cri teri a for building damage .. .............. ....... .. ............ 34

3

Flow conditions which caused loss of human stability ........ .. ................. .. ..... .... .. 38

4

RESCDAM human stability test resul!s .. ...... .. ................................. .. .............. ... 39

5

UWRAA human stability criteria . .... .... .... .. .... .... ..... ...... ........................ ............. 39

6

Path model .... .... ... ... ... ......... ...... ........................... ......... ..... ........... . ... ... ... ... ....... .. . 42

7

Warning diffusion relati onships for vari ous warning system types ..................... 44

8

Cyc li c nature of emergency warning

9

Observed timing of deci sions by type .

10

Warning diffusion curves

II

Average ti me budget ...................... .. ................ .

12

Mobi li zation time for Nanticoke, PA, metal processi ng plant fire .... ........ .... .. .... 5 1

13

Velocity-depth relationship derived from laboratory testing and
fl ood conditions which cause damage .. .... ..
.. ..... .. ..... ... .... ....... .................... 54

14

Limiting v* d vs. d relationship for tested cars ....... .. ..... .. ....... .. .. .... ... .... .. .. ....... .. 55

15

Probabi lity of fatality rates for each fl ood zone ... .... .. ... .. ...... ... ..

16

Earthquake event tree with an exampl e life loss subtree ... .. ................... .. .. .. .. .. .. 80

17

Illustration of the flood routing period and stage and
veloci ty pro fi les for a LIFESim si mulation ........ ........ .... ..... .... .. .. .. .. .... .. ..... .. ....... 84

18

Sim plifi ed schematic di agram of the L!FES im modeling system .. .... .. ...... .... ...... 87

19

Detailed Schematic diagram for the LIFESim modeling system ............. ............. 88

.. .. .......... .. ...... .. ..... ...... . .... .. .... .. .. .. 45
... 45

.................. ...... .... .............. ...... .................. 46

.. .. ...... ...... .. .............. 47

.. .. .. .. .. 74

xiii
20

Warning and evacuation timelines ............ .... ... .

21

Uncertainty Mode flowchart .................. .............. .

22

Input window for Uncertainty Data Preparation Module ........... ......... .. ... ........... 99

23

HAZUS-MH data preparation module flowchart

24

Diurnal variation of activity types

25

LfFESim population estimates .... .. ... ... ........... ...... ......................................... .... I 12

26

GIS Data Preparation Module flowchart .... ... .

.. ....................... 11 7

27

Assignment of flood zones for building levels ..

.. ........ ...... ........ 121

28

Loss-of-Shelter Module flowchart .. .. .......................................................... ....... 124

29

Default submergence criteria .. .......

.. .... 127

30

Masonry and concrete building damage criteria ..

.. .... 128

31

Framed wood building damage criteria ... ..

32

Warning and Evacuation Module flowch art.. .. .... ..

33

Assignment of flood zones for vehicles and pedestrians ......

.. .............. .... ... 140

34

Greenshield's model ............................................

.. ................. ..... 149

35

Modified Greenshield's model .......... .................. ........................ ... .. ........ ........ 149

36

Examp le of the high-rise building characteristics table ................... .

37

Movement speeds in high-rise buildings .. .. ...... ............ ...... ..

38

Examp le of existing and improved warning systems with
uncertainty bounds
.......... .. .... .. ...... . ............ .. .................................. 162

39

Example of existing and improved mobil ization curves with
Uncertainty Bounds ....................................................................................... .. 162

40

Loss of Life Module flo wchart ... .... .. .... .. .. .......... .... .... ........ .. .... .. .................. .. .. 167

41

Probability distributions for fatality rates for each flood zone ...... .. ................... 168

. ....... ...... .......... ........... 92
... ... ..... .. ....... ........ ... 98

....... .... ............. ...... 107

........... .. .... ...... ... .. ... ................................... 112

. ........................... 128
.. .. ...... .. ..... .. ......... 137

.. 157
.. ............ 160

XI V

42

Map of the study area ................... ..... .... ... .. ..... .. .

43

Max imum flood depth fo r sunny day fa ilure in Community A ..... . ... .... .... .. .. .... I 73

44

Percentage of wood buildings in Co mmunity A by census block .. ...... ......... .... I 79

45

Percentage of manufactured buildings and mobil e homes
in Community A by census block ... .. .. ........ .. ... ... .....
. .. .. ... ......... .................. I 79

46

Percentage of masonry bu ildings in Community A
by census block ....... .. . ............. ... ...... .. ........ .......... .... .......................... ............... I 80

47

Com mun ity A population distributi on throughout the day ................................. I 80

48

Fraction of population warned in Communi ty A by census block ... ...... .... .. ..... . 18 1

49

Fraction of popul ation mob ili zed in Community A by census block ................. I 8 1

50

F ractio n of population remaining in buildings in Community A
.... .... ...... .. ... ........... ............. ........... 182
by census block.. .... ......

5I

Num ber of people cleared using SUVs in Community A
by census block ..... ..... .. ...... ...... ... .... ........... .... ...
..... ................................. I 82

52

Fatality rate in Commun ity A by census block ...... ... ...... .... ...... ... ... .. ... ... .. .... .... . I 83

53

Fata lity rate for SUVs evacuees in Communi ty A by census block ................... I 83

54

Popu lation tracking diagram for Community A .. .. ..... ..... ... ... ... .. ...... ... ......... ..... . I 84

55

Fraction of populati on surviving in buildings in
Communi ty A by census block .. ......................... ..

............. ....... ···· ··•· ····· ······ 172

. ...... .... .. ..... 185

56

Number of people evacuatin g by road segment in Community A ....... .............. I 85

57

Tim e (in minutes) from warning issuance until road segments
beco me blocked in Community A .. ... .. .... .... .. ... .. .... ... ... .

.................. 186

58

Num ber o f trapped SUVs by road segment in Community A

....... ........... 186

59

Loss-of-shelter categories for road segments in Community A ......... ... .. ... ..... ... I 87

60

Map of Community B ................................... ......... ..... .. ... ......... ........ ... .. .. ... .. .. ... I 89

6I

Max imum flood ing water depth fo r Comm unity B .. ............. .. .... .. ...... ............. . 190

XV

62

Percentage of wood buildings in Community B .. .. .. .... .. ....... .... ............... .. ......... 191

63

Percentage of concrete buildings in Comm unity B ....... .. ....... ...... .

64

Percentage of manufactured buildings and mobil e homes in Community B ..... 193

65

Population tracking diagram for Com munity B ..... ............ ............. ........ .. ....... .. 194

66

Fatali ty rate for SUVs evacuees in Community B
by census block ....... .. .... ... ........... ... .... ...... ...... .... ... . ............. ................ ... .... .. ... . 195

67

Total fatality rate in Comm unity B by census block .. .. ....................... ............. . 196

68

Number of people evacuating by road segm ent in Community B ... .. ................. 197

69

N umber of trapped evacuating in SUVs in Comm unity B
by road segment .... ....... ....... ... .... .. .... ... ... ... ... ... ....... ..... .... ........... ................ ........ 198

70

Time (i n minutes) when road segments become jammed
in Comm unity B....... ...... .............
... .... ... .. ... ...
...... ............................ 199

71

Time from warning issuance (in minutes) to blocking
of road segments in Community B .. ............. ................. ............ .... .................. 200

72

Loss-of-shelter categories for road segments in Community B ...... .. ... ............. . 201

73

Sensiti vity to warning issuance time for sirens at night
in Com munity A .. ... ...... ..... .. ...... .... .......... .. ... .. .... .. .. ...... ..... ... .. .. ...... .

... . 192

.. 207

74

Sensitivity to warning issuance time for sirens in the day
in Community A ...... ... .. ................................................ ...... ....... ........ .... ..... ...... 208

75

Sensitivity to warning issuance time for sirens at commuting
time for Community A ... .. .. .... .... .... .... ...

... .. ... .......... 208

76

Sensitivity to warning issuance time for tone-alert radios
at ni ght for Community A ........... .... .. ... .... .... .. ... .. .. ..... ............... .. ...... ............... 209

77

Sensitivity to warning issuance time for sirens and
tone-alert radios at night for Community A ... ...... ........ .......... ... ......... ......... .... ... 209

78

Sensitivity to warning iss uance time for single upstream
shelter fo r Community A ....... .. ................... .. ........... ...... .... ......... ... .... .. .. ......... ... . 2 10

xvi
79

Sensitivity to warning issuance time for single downstream
shelter for Community A ..... .. ............................. .... .. .. ..... ...... .. ... .. ... .... ............... 2 10

80

Sensitivity to warning iss uance time for si ngle across-bridge
shelter for Comm unity A .......................... .... ................. ... .... ..... ... .... .. .............. 2 1 I

81

Sensitivity to warning issuance tim e for RESCDAM building
damage criteria for Community A ........................... .... .....

82

Damage criteria for manufactured buildings and mobile
homes based on FEMA, 2003 .. ......... ..................... .. ..... ..

...... 21 I

.......... .... .................. 2 14

83

Uncertainty results for delayed failure and less effecti ve
warnin g for Community A ..... .. .. ..... ......... ...... ... ............................•...... .. ...... ... ... 2 19

84

Uncertai nty results for sudden failure and less effective
warning for Community A .... .... .. .. .. .... .. ........................................ ....... ..... ... ...... 2 19

85

Uncertainty results for delayed fai lure and more effective
waming for Community A .... ... . ..................................... . .. .... ...... .. ......... .. .... 220

86

Uncertainty results for sudden failure and more effective
warnin g for Community A.. ....................................
.. ...... .. ........ .......... .. . 220

xvii
ACRONYMS

0;

subscript i generally indicates that the variable pertains to Pari

Ac

attendant circumstances

Coz

compromised zone

Cz

chance zone

D

maximum flood depth

Dj

jam density of a road segment

E

excess evacuation time (minutes)

EPZ

emergency planning zone

F

nood severity

Fd

Flood forcefulness

GIS

geographic information system

HBU homogeneous base unit
L

life loss

Ls

loss of shelter (L = low, M = major, H = hi gh)

Mi

magnitude of local loading

Par

population at risk

Par,

subpopulation at risk; same as subPar

Pr(zone)

proportion of li ves lost in a designated flood zone

Prcoz proportion of li ves lost in the compromised zone
Prcz

proportion of lives lost in the chance zone
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Prsz

proportion of lives lost in the safe zone

Pt

Par (population at ri sk) type

PTD

Population tracking diagram

Ret

representative evacuation tim e (minutes)

subPar same as Par;
SUV

Sport utility vehicle

Sz

safe zone

Td

Time of day

Tpar

threatened population at risk

Tpar;

threatened subpopulation at risk

Ts

Time of season

Tw

Time of week

V

Peak flow velocity

Vj

Jam speed of vehicles

VOR Vehicle occupancy rate
We

warning effectiveness

Wt

warning time (the first f01mal waming, in minutes)

Wtavg average warning time (fTom any source, in minutes)
Wt;

individual warning time (also, Wt specific to Pari)

CHAPTER I
INTRODUCTION

Need for Life-Loss Estimation

To effectively reduce life-safety ri sks associated with dams and natural flooding ,
life-loss estimates are needed for the following purposes (Bowles et al. 2003):
I. To evaluate existing and residual ri sks against tolerable risk guidelines.
2. To assess the benefits (i.e., ri sk reductions) assoc iated with risk-reduction
measures, including nonstructural approaches such as more effective emergency
plmUl ing and evacuation .
3. To estimate the cost effectiveness of life-sa fety risk reduction to aid in prioriti zing
and justifying expenditures on ri sk-reduction measures .
In addition, a better understanding of life-loss dynamics associated with flo ods is
va luable for improving the development of effective emergency action plans and
emergency response plans (McClelland, 2002; McClelland, 2003a, 2003b, 2003c).

Research Objective

The overall objective of this research project is "to develop a practical and
improved life-loss estimation approach for use in dam safety risk assessment and
emergency planning." The methodology is speci ficall y formulated to overcome the
limitations of previous purel y empirica l approaches, which are summari zed in this
chapter and detailed in Chapter II.
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Overview of the Problem

Most available approaches for estimating life loss from dam failure are purely
empirical using regressions on heterogeneous global population at risk (Par 1) and
warning time (Wt), time from warning receipt to .nood arrival. Examples include Lee et
a!. (1986), Brown and Graham (1988), and DeKay and McClelland (1993a, 1993b). A
more recent approach by Graham (1999) provides life-loss ratios or fatality rates and
ranges for a mix of Par and large subPar2 based on Wt, flood severity (F), and warning
effectiveness (We). Assaf, Hartford, and Cattanach (1998) and Assaf and Hartford
(2002) describe a simulation approach used to deve lop BC Hydro Life Safety Model
(LSM) and discussed in the Chapter II.
The empirical approaches share the following limitations (adapted from
McClelland, 2000):
I. Many factors that change with the type of dam break or natural flooding event

are not separately distinguished .
2. Travel times, depths, and velocities that affect the fate of people, vehicles, and
buildings are based on large-scale averages.
3. Par is considered for the entire area of inundation or for large subPar, which
does not distinguish the many attributes that are important determinants of life
loss.

1

Population at risk (Par) quantifies the number of people who, without evacuating, would remain
with in those regions of the flood's imprint that exceed some minimum criteria of depth and velocity.
2
subPar (Par;) are any subsets of Par.
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4. Warning time is considered as a single variable without taking into account
the chain of events that must occur before a message can be disseminated , the
rate of warning propagation, the extent to which the warning penetrates a
community, the efficacy of th e warning message, and the rate of mobilization .
5. Evacuation is not considered as a separate process, and the benefits of
relocation to safer shelters of those who do not evacuate are not explicitly
included.
A detailed analysis of life Joss for historical dam break flood events by
McC lelland and Bowles (2002) showed that every catastrophic flood event is startlingly
unique. When one considers that McClelland and Bow les (2002) present over 90
characterizi ng variables that affect life Joss in interdependent ways, and that most of these
variables are described using four to six different ranks, up to 14 different categories, or
any number of different quantitative values, it is difficult to conclude that any three or
four variables in an empirical procedure can reasonably account for the variance in life
loss across events. This is highlighted by the fact that Brown and Graham ( 1988) and
DeKay and McClelland ( 1993b) both chose to omit certain cases as "outliers" even
though those cases represent hi storical reality and not experimental error.
Moreover, given the relative ly small number of available data points, one for each
historical flood event, the statistical significance of a regression involving numerous
variables is necessarily unsatisfactory.
Generally, analysts have fe lt uneasy assuming that point estimates like warning
time (Wt) and dichotomous forcefulness, which describes the flood severity (Fd) could
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fully capture the uniqueness of flood conditions for a large, heterogeneous population. lt
is hard not to feel uneasy if the popul ation at ri sk, the number of people for whom a dam
failure is hazardous in the sense that their lives are truly in jeopardy (Par) includes a
small canyon community just below a dam , campgrounds along the river, popular fishin g
holes or reaches for rafting, bridges or stretches of hi ghway that follow the river, a
metropolitan community on the open pl ai n, and perhaps a marina in the reservoir below.
To reduce the level of cognitive dissonance, analysts have often attempted to select
values for warning time (Wt,) and dichotomous forcefulness (Fd,) that are speci fie to
more homogeneous subPar, homogenou s subdivisions based on the major characteristics
of Par, (Par,) and then to apply equations on that basi s. Unfortunately, the more
homogeneo us Par or subPar become, the less they resemble the original data set, the more
the nonlinear relationships di stort the resul ts, and th e less credible the results become in
many cases.
More fundamental than questions about statistical validity are questions about
user confidence. Unless human decision-m akers can have confidence in the
reasonableness of an approach to life-loss estimation, the results of any dam safety risk
assessment wi 11 be viewed as suspect.

Goals for a Solution

Shortcomings in current models suggest traits that wou ld be desirable for the next
generation of life-loss estimation models and the accompanyi ng benefits of these traits, as
adapted from McC lelland and Bowles (2002) :
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I. A model should be intuitively transparent and logically satisfying to engender
confidence in its use and acceptance of its results.
2. A model should be empirically tested or empirically grounded to validate its
predictions.
3. A model should focus on homogeneous subPar or smaller units that maintain
simi lar characteristics across events. There are at least four reasons for this.
First, the use of subPar increases the number of data points in a data set. This
in tum allows more variables to be considered in a model, primaril y through
the separation of data points into distinct bins. Second, life loss within
homogeneous units is less dependent on the uniqueness of a given event than
are global Par; homogeneous units should provide a more consistent basis for
prediction and comparison across events. Third, by focusing on homogeneous
subPar, events are broken down into their most basic, shared components.
These components could then, theoretically, be recombined to represent
events that are quite different on a macro scale. As such, a limited data set can
be used to make predictions regarding hypothetical events that are unlike
those in the data set. Fourth, it is difficult to select a data set free from bias,
especially when life loss (L) is nonlinear with respect to Par; however, by
basing life-loss estimation on homogeneous units, each equation or probability
distribution becomes relatively free from bias. Moreover, events with greater
life loss can still reveal the conditions (homogeneous units) under which life
loss is expected to be small or zero.
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4. A model should first reduce subpopulations at risk (Par;) to threatened
subpopulations, the people who remain in the flooded area when the flood
arrives, (Tpar; 3) before app lying life- loss or fatality rate relationships so that
these relationships are independent of warning times. This allows one to
eliminate warning time (Wt) from the life-loss estimation step for the
threatened subpopulati on (Tpar;) with different warning times.
5. Ideally, to reduce variance based on levels of exposure, members of a
threatened subpopulation (Tpar;) should first be distributed among
approximately homogeneous flood zones before applying life- loss functions.
These flood zones are aptly ca ll ed homogeneous units.
6. A model should account for the source of warn ings (human and
environmental), the time remaining before flood arrival, and the fraction of a
population that gets warned.
7. It is desirable to express warnin g time (WI) separately for each homogeneous
subPar as an estimated probability distribution, specific to the event under
consideration, to capture uncertainty in thi s important variab le.
8. Indi vidual evacuation times vary in an emergency situation based on
important psychological variab les (the urgency of individual warnings, prior
flood experience, the tendency of a message to cause or prevent panic),
important physical limitations (the mobility of a population, physical barriers

3
The threatened population (Tpar) quantifies members of Par that remain in the flood zone when
flooding exceeds minimum criteria of depth and ve locity. T pari is the threatened population within Pari.
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like streams and fences, the distance to sa fety, the available modes of
transportation), whether families are together and their general preparedness
to evacuate (preparedness, which defi nes the degree to which Par; is prepared
to evacuate(Pr), time of day, day or ni ght, (Td), time of week, weekday or
weekend, (Tw)), climatic hindrances, which may include heavy rain or strong
wind, (time of season (Ts), attendant circumstances, other conditions that can
increase fatality rate such as earthquakes or hurricanes, (A c), magnitude of
local loading, describing the accompanying earthquake or storm,(Ml)), and the
nature of the population under consideration (Par type (Pt)). The evacuation
process should be expressed in an event-specific manner that captures the
uncertainty in knowing the true value before an event occurs.
9. A model should use probability di stributions for estimating life loss for
homogeneous subPar, rather than point estimates for heterogeneous Par.
Probability distributions more appropri ately represent the variation in
experi ences across individual s. This is more closely assured when subPar are
relatively homogeneous with respect to the characterizing variable under
consideration. Conversely, point estimates, like warning time (WI), maximum
depth (D) and peak velocity (Y), do not necessarily represent more than a tiny
fraction of a subPar, making comparisons across events problematic.
I 0. One should be able to upgrade a model by refining past event
characterizations, by completing new event characterizations, or by
perfom1ing experiments to improve estimated probability distributions.
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I I. A model should be fonnulated to represent the important processes, whi ch can
affect life loss, while depending on only readil y available data sources and
requi ring only a reasonable level of effort to implement.
12. A model should either be simple to use or have the potential to be automated
so that results can be produced in an efficient and cost-effective manner.
13. A model should be versatile, ab le to produce a quick estimate for preliminary
analyses or a refined estimate more detailed analyses. It shou ld also be able to
yield the expected life loss (an estimate of the mean) or a range of possible
li ves lost in the fo nn of a probability di stribution.

Research Phases

Conceptuali zation and development of UFESim , a modular, spatially-d istributed,
dynam ic simulation system for estimating potential li fe loss from natural and dam-failure
fl oods is divided into five phases, as fo ll ows:
I. Case history characterizations and analyses.
2. Development, testing, and demonstration of a Detenninisti c Mode in the Full
Version .
3. Development, testing, and demonstrati on of an Uncertainty Mode in the F ull
Version.
4. Development, testing, and demonstration of a Simplified Version.
5. Development, testing, and demonstration of software for the modeling system,
including the Simplified Mode.
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Phase I has been completed and was reported by McClelland and Bowles (2002),
although additional case histories remain to be analyzed as funds become available.
Phases 2 and 3 are described in this dissertation. Phase 4 is on-going at the time of
completion of this dissertation . Phase 5 will be undertaken if funding is made availab le.

Detem1inistic and Uncertainty Modes

The Deterministic Mode of LIFESim provides estimates of life loss from "best
estimate" inputs. The simulation modeling system comprises the following internal
modules: I) Loss of Shelter, including prediction of building perfom1ance, 2) Warning
and Evacuation, and 3) Loss of Life, based on empirica l relationships developed in earli er
work (McCle ll and and Bowles, 2002) from a wide range of case histories. Estimated
floodin g conditions are obtained from an ex ternal dam break and flood routing model ,
such as HEC-RAS (HEC, 2002), DAMBRK (BOSS, 1999), FLDWAV (Fread and Lewis,
1988), or MIKE 21 (DHI, 2000). Other inputs include a digital elevation model (OEM),
road layout, and data on populations at ri sk and buildings from readily available GIS
sources. Application of the Deterministic Mode has been demonstrated for several
different si ze communities under flood-induced and sunny-day dam failures (Aboelata,
Bowles, and McClelland, 2002, 2003; Aboelata, Bowles, and Chen, 2004).
The Uncertainty Mode of LIFESim considers uncertainties in model parameters
and inputs to provide estimates of life loss, and other variab les relating to warning and
evacuation effectiveness, as probability di stributi ons. These distributions of life loss can
be combined with estimates ofthe uncertai nti es in other risk assessment inputs, to obtain
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estim ates of uncertainties in risk assessment results, including evaluations against
tol erab le risk guidelines as demonstrated by Chauhan and Bowles (200 1, 2003).
Application of the Uncertainty Mode has been demonstrated for sudden and delayed
earthquake-induced failures (Aboelata, Bowles, and McClelland, 2003; Aboelata,
Bowles, and Chen, 2004). Existing and improved waming and evacuation systems were
considered. Comparisons with the Graham (1999) Method were included.

Outline of the Dissertation

The obj ective of this di ssertati on is to describe the research work and
programming efforts accomp li shed to create, test, and demonstrate the LIFESim
modeling system. Chapter II is a literature review of the physical processes associated
with life loss esti mation . Chapter lll presents the foundation that LIFESim is built on
including the use of case histories and the key variab les used. Chapter IV introduces the
LlFESim modeling system and brieny describes each of its modules and the approach to
the Uncertai nty Mode. In Chapter V, a description of the data preparation mod ules for the
main modul es is given. Chapters VI, Vll, and Vlll describe in detail the Loss of Shelter
(LOS), Waming and Evacuation (WE), and Loss of Life (LOL) Modules, respectivel y.
These detailed descriptions include a nowch art, si mul ation procedure, assumptions, and
limitati ons. Severa l case studies are presented in Chapter IX, showing results for the
Determini stic Mode, including some sensi tivi ty ana lyses, and the Uncertainty Mode. The
dissertati on conc ludes with a summary, conc lusions, and recommendations for future
work in Chapter X.

II
Appendix I contains a discussion of some issues related to the use ofGfS in
LIFESim. Appendix II is a summary of LIFESim input data requirements and formats
and software and licensing requirements. Appendix lll contains definitions of
tenninology used.
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CHAPTER n
LITERATURE REVIEW
Loss of Life Estimation Methods

Loss of life estimation as a result of natural floods and dam break disasters has
been the focus of several studies. Estimation of loss oflife from major natural floods and
dam failure is a crucial step in the risk assessment procedure for existing and new dams
as well as potential structural and non-structural risk reduction measures (fixes) to
existing dams. To obtain a meaningful quantification of risk, credible estimates of the
expected damages shou ld be targeted. Loss of life is widely considered the most
sign ifi cant conseq uences from dam failure and the dominant factor in th e dam safety
decision-making process. The following sections present some of the methods for life
loss estimation with a brief description of their basis and the predictor variables used in
each. The di scussion presented here draws from ORNL ( 1986) and McClelland (2000).
The classification of models from ORNL (1986) is adopted based on the methodology
followed in developing each model.

Estimates from population and building damage
One of the earliest studies in this field is Friedman (1975) . He linked the number
of fata liti es in a flooded area to the number of damaged residencies. Based on the
American Red Cross annual flood tabulations, he developed a fatality rate per damaged
residence. For normal floods , the rate is one casualty per 170 damaged dwellings . For
flash floods, the rate rises to one casualty per 85 dwellings. The number of people in the
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flooded area was estimated by assuming that each dwelling has three persons based on
1970 housing census.
Another approach by Allen and Hoshall eta!. (1985) used the same technique as
Friedman (1975) but with additional details regarding the population, employment, and
the type and occupancy of buildings. Casualties were estimated for two periods of the
day, an " at work or school" period and an "at home" period. Casualties during night time
include people in housing units as well as in some non-residential buildings such as
hospitals, hotels, and retail or industrial bui !dings with shoppers or night workers. The
method changes the population distributions during the day time such that some of the
population in housing units is redistributed to businesses based on employment records.

Estimates based on economic damage
Another approach in estimating loss oflife from extreme natural events is by
Petak and Atkinson (1982) . It assumes that the number fatalities is directly linked to
economic damages. The study considered that the total reported value of economic
damage is only due to building damage and ignores contributions such as those from Joss
or interruption of business or damage to non-residential buildings. There are many
shortcomings to this approach, as mentioned in ORNL (1986), such as only considering
insured houses based on the data supplied by insurance companies. Furthem10re, the
number of deaths may be partly related to evacuation and rescue procedures. The method
ignored a lot of effective variables such as population density, warning time, availability
of shelters, and time of day.
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Casualty ratios
Pate-Cornell and Tagaras ( 1986) considered that the number of fatalities from
dam failure is a fraction of the population at risk based on area inundation maps.
Consideri ng the absence of warning and a sudden dam failure, the casualty factor could
reach 90% on the path of the flood wave, and I0-15% in the rest of the inundation area.
This factor can also be subjectively adjusted based on the time of day, warning system
efficiency, and evacuation effectiveness.

Bureau ofReclamation Model (Brown & Graham)
The USBR model (Brown and Graham, 1988) is considered one of the most
important attempts to develop a model for estimating loss of life based on regression
analysis of a number of historical records of events. Two versions of the model were
introduced. The first version considered population at risk and warning time as the
predictor variables to estimate loss of life. However, this version oftbe model classified
warning time into two categories: insufficient- for warning time less than 1.5 hours; and
good- for warning time greater than 1.5 hours. Two equations were developed fo r each
warning time category, as follows:

For insufficient warning tim e (WI < 1.5 hours):

L

=

Par0· 60

For good warning time (WI 2: 1.5 hours):
L = 0. 0002 Par

(R 2 = 0.87)
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If warning time is less than 15 minutes and depth is more than three meters, loss
of life is calculated as follows:

L= 0.5 • Par

In which:
L

=the loss of life,

Par

=the population at risk, and

Wt

=Warning time.

The second version of the USBR model extended the "insufficient warning"
equation to include the value of warning time rounded to the nearest 15 minutes.
Regression analysis of the data resulted in the following equation :

log(L) = 0.67 log(Par) - 0.0 14 Wt

(R2 = 0.89)

The inclusion of warning time in the regression equation had a significant effect
on the overall fit of the insufficient warning case. When included in the good warni ng
case, it did not have a significant effect on the goodness of fit.

Stanford/FEMA Model
Another model to estimate loss of life in floods was developed by McCann et al.

(1985) at Stanford University under a contract for the Federal Emergency Management
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Agency (FEMA) . This model estimates loss of life based on location of the population at
risk measured by its distance from the dam. It also incorporates other key variables such
as depth of flooding, population distribution , and effectiveness of warning and evacuation
processes. The equation for loss of life is as follows:

In which :
f(dj)

= proportion of threatened population who dje from the flood of
depth d in flood zone j .

h(m;) = proportion of population at risk in reach i remaining in flooding
zone j at time of arrival of flood.
Paru

= population at ri sk in flood zone j , of reach i, m; miles from dam.

dJ

=depth of flooding in zone j.

m;

=river miles from the dam to reach i.

The description of this equation is that loss of life in a reach equals the proportion
of people exposed to flooding who lose their lives, which is treated as a function of the
flood depth, times the fraction of the population at risk who remain in the area at the time
of inundation , which is treated as a function of the downstream distance, nature of the
evacuation and warning, and the distinction between rural and urban residential areas,
times the population at risk, which is the number of people in the reach who would be
exposed to flood water if they did not evacuate (ORNL, 1986).
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The model also includes a function to estimate loss oflife in a commercial and
industrial zone in the followin g form:

In which:
Paru

=populati on at risk in zone j of reach i during the business hours.

b

= percentage of time the business zone is occupied.

The Stanford/FEMA model was th en extended by explicitly using the warning
time for each business zone rather th an using the river mile. This equation is in the
fo llowing forn1:

In which:
P(Wt;j) = proportion of popul ation at risk in reach i remaining in flood ed
zone j at time of arrival of flood wave.
Wt;i

= the warning time for population in reach i in fl ood zone j .

DeKay and McClelland Model
Under another USBR contract, DeKay and McClelland (1991 , 1993a, 1993b)
improved on the prev ious version of the USBR model by adding more hi storica l events
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on which to base the regression equation and by using a variable for the lethality of the
flood such that it has a value of one if more than 15-20% of the inundated buildings were
destroyed or seriously damaged by the flood. Since damages for the historical events
were not always known with great precision, DeKay and McClelland ( 1991 , 1993a,
1993b) relied heavily on their own judgment. Their life loss estimate was expressed as a
fatality rate, p, defined as the ratio of lives lost due to the flood to the total population at
risk. To prevent predicted values ofp from becoming negative or exceeding 100%, they
used the logit transformation was used. The resulting equations had R 2 values of0.94
and 0.84 for the DeKay and McClelland (1991, 1993a, 1993b), respectively, as follows:

J

Par
L(Par) = In ( - = -1.650 - 0.513ln(Par) - 0.822(Wt) + 4.012(Fd) - 3.016(Wt)(Fd)
1- Par

J

Par
L(Par) = In ( - = -2.586-0.440 In( Par)- 0.759(Wt) + 3.790(Fd) - 2.223(Wt)(Fd)
1-Par

ln which:
L(p)

= functional notation for the logit transformation of p.

p

= LIP.

Fd

= Flood lethality.

BC Hydro Model
The BC Hydro Life Safety Model (LSM) is designed to allow dam safety
professionals to simulate, visualize, ana lyze, and develop plans for dam emergenci es
(Assaf and Hartford, 2002). The model utilizes GIS and census data to construct tempo-
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spatial representations of the potentially affected communities. The model consists of
three main components as follows:
1. The People 's World Model, which processes census data and develops the

"static world," includin g inforn1ation about the population ages and social
characteristics, buildings, and roads.
2. The LSM Scenario Generator, which gives snapshots of the "static world" for
different times of the day, week, or year.
3. The Life Safety Simulator (LSS), which determine the impact of a dam breach
event on the downstream population through modeling the behavior and
mobilization of virtual individuals in response to the flood wave. The
sim ulated behavior of indi viduals is governed by a set of rules that control the
decisions taken by the virtual individuals when they receive warnings, assess
the risk, and decide to stay behind or evacuate. Decisions include whether to
stay in a building or attempt to evacuate the flooding area, and their mode of
evacuation. The model calcu lates the delays associated with the decisions
such as the time needed to move inside the building, or the time needed to
collect belongings, help others, and overcome potential injuries in case of
earthquake. The behavior of drivers is also controlled by a set of rules th at
generate decisions based on road and traffic conditions. Stability and
survivability of individuals in buildings, on foot , or in vehicles is calcu lated
based on water depth and flow velocity. The parameters for the stabi lity
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criteria of individuals are allocated to each individual based on several factors
such as age and gender, as well as, building or vehicle type.
In addition to the three main modu les, other components include a scenario
management modu le, a suite for data input/o utput processing and analysis, and software
for visual simulation of the LSM outputs.
LSM outputs provide very detailed information about the status of any object
(buildings and roads) at any given time, plotting of the location of any evacuee, paths of
escape, and recording of the simulation animation.
The BC Hydro LSM model and the LIFESim modeling system are the first
serious efforts to dynamically and spatia ll y simulate evacuation during flood events. The
level of detail required for the LSM model may complicate its application: for example,
individual buildings and the number of people in each building must be defined. Added
to that, the level of uncertainty associated with each decision that the virtual individual
may take, the flooding event, and the relationships that determine survival and life loss
are not explicitly considered.

Flood Routing Modeling

Inundation modeling is the first step in the estimation ofloss of life. All other
modules in the Loss of Life Estimation model depend on the resu lts of the flood routing
model, specifically, the spatial and temporal di stributions of water depth and flow
velocity Therefore, the accuracy of the inundation results is important to obtain credible
estimates of loss of life.
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The accuracy of flood routing modeling depends mainly on the characterization of
the flow routing equations to estimate the progress of the flood wave from the dam site
towards the downstream where the people at risk exist. Numerous models have been
deve loped for this purpose. For the majority of models, the governing equations are the
conservation of mass and the conservation of momentum equations using the dynamic
wave theory. Other models use the kinematic wave theory. A comparison with previously
published solutions and experimental results showed the kinematic wave solution was
asymptotically valid after the advance of the flood wave downstream by about four
reservoir lengths (Singh, 2002). Singh (2002) states that the kinematic wave equations are
valid for flood routing except for within I 0% of th e total channel length from the
upstream and downstream boundaries.
Examples of widely used one-dimensional approach are DAMBRK (BOSS,
1999), HEC-RAS (HEC, 2002), or MIKEll (DHI , 2000) and examples of a twodimensional representation of the equations is MlK.E21 (DHJ, 2005). Recently, a new
model , MIKE FLOOD (DHl, 2005), has been released that can switch between use of the
1-D and 2-D equations. The selection of the number of dimensions suitable for
inundation modeling is highly dependent on the characteristics of the study area. For
narrow valleys where the flow is bounded by walls from both sides, and when the
overbank storage is insignificant, a 1-D approach would be recommended. On the other
hand, a 2-D approach would be more suitable for wide flood plains and where the flow
direction is not always perpendicular to the cross section . The 2-D approach can simulate
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flow exchange between the overbank areas and the main channel. The followi ng secti ons
discuss each of the mostly-used models in detail.

DAMBRK/FLDW A V
DAMBRK (BOSS, 1999) model was developed by the National Weather Service
(NWS) for the purpose of predicting dam break hydro graphs and hydraulical ly routing
them through the downstream valley. The model uses the complete one-dimensional St.
Venant equations of unsteady flow coupled with internal boundary equations representing
the rapidly varied flow through buildings. The model is also capable of developing a time
dependent breach for dams, bridges, and embartkments. The system of eq uations is
solved using nonlinear weighted four-point impli cit finite-difference method . The model
is capab le of simulating subcriti cal , supercritical, or a mixed flow conditions. The flow
simulated might be water such that it follows the Newtoruan principles of flow, or a mud
or debris flow.
DAMBRK uses the dynamic wave method to route flood waves downstream.
A lthough the solution to the dynamic wave method is more complex than other methods,
such as the kinematic wave and the diffusion wave, it was chosen for various reasons,
and particularly because of the improved accuracy of the solution, and its capabilities of
representing the influence of the flood wave acceleration and the backwater effects
produced by channel constrictions, dams, bridge-road embankments, and tributary
inflows. The computational time requirement is reduced by using the implicit finite
difference techniques.
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Limitations ofDAMBRK include the use of 1-D equations, which might not be
suitable for wide cross sections with variable !low conditions, and the limited number of
points for the cross section definitions, which represent only the width-elevation
relationship and not its specific shape, including any asymmetry. Also, channel roughness
coefficient cannot be varied as a function of !low rate, as it might occur when larger
!lows lead to a decrease in the friction coefficient. Other program limitations are listed in
the user manual (BOSS, 1999).
DAMBRK has been used for our loss of life studies, since it has been a widely
used dam break model. Some additional shortcomings of the program for life loss
estimation include the need for a graphical post processor that can communicate with
other programs or GIS . The program does not provide separate estimates of overbank
flow velocities, which are generally lower than velocities in the channel. This
exaggeration of flow velocity in the overbank areas produces higher estimations for
building damage as well as loss of life. Finally, due to the nature of the cross section
definition in DAMBRK, the results might not be compatible with the representation of
topography from GIS.
DAMBRK was replaced by FLOW A V (NWS, 1988) to eliminate some of
shortcomings in DAMBRK. FLOW A V added variable dimensioning to cross sections,
multiple river simulation with simultaneous computation, variable roughness coefficients,
and some improved aspects related to buildings, levees, and the computational scheme. A
graphical user interface is also added to facilitate user interaction. Currently, FLOW A V
is being improved to include a GIS interface.
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HEC- RAS
The HEC-RAS program, along with HEC-GeoRAS (HEC, 2002) as a G IS
interface, is developed by the Hydrologic Engineering Center (HEC) of the US Anny
Co rps of Engineers (USACE). HEC-RAS is an integrated system of software, designed
for interactive use in a multi-tasking, multi-user network environment. The system is
comprised of a graphical user interface (GU l), separate hydraulic analysis components,
data storage and management capabi li ties, and graprucs and reporting facilities.
The HEC-RAS system will ultimately contain three one-dimensional hydraulic
ana lysis components for the following: ( l) steady flow water surface profile
computati ons; (2) unsteady flow simu lati on; and (3) movable boundary sediment
transport comp utations. A key element is that all three components will use a common
geometric data representation and common geometric and hydraulic computation
routines. In addition to the three hydraulic analysis components, the system contains
several hydraulic design features that can be invoked once the basic water surface
profiles are computed. The current version ofHEC-RAS supports Steady and Unsteady
!low water surface profile calculations but not movable boundary sediment transport
(HEC, 2002).
Earl ier versions of the model (3.0 or earl ier) did not consider the simulation of
dam breach. The latest version (3 .1.2) has this option whjle simulating the unsteady flow .
Like the DAMBRK model, HEC-RAS uses the dynamic wave method by solving 1-D St.
Venant equations of conservation of mass and momentum using an implicit finite
difference technique. Advantages of this method are similar to those mentioned for
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DAMBR.K. Also similar to DAMBRK, the use of 1-D equations gives inaccurate results
when the vall ey is wide, such that there ex ist large storage areas in the overbank and the
flow s mi ght not be perpendicular to the cross section direction as assumed. However,
there are some advantages in HEC-RAS over DAMBRK. These include its easy-to-use
GUI, cotmectivity to GIS software through an ArcView/Arclnfo extension to generate
input data files, and added flexibility in definition of several variables such as time
dependent gate opening and variable friction coefficient with flow . HEC-RAS is also
capab le of reporting left and ri ght banks flow velocity which makes life loss calculation
more accurate. Although HEC-RAS has a capabi lity for generating breach hydrographs,
it has the following limitations:
I . HEC Geo-RAS does not provide fo r th e internally-calculated spillway rating
curve to be replaced by an externa ll y-derived curve.
2. HEC Geo-RAS does not provide for input of an externally-derived reservoir
stage-capacity relationship. lnstead, it uses a relationship that is derived from the
digital elevation model (DEM), whi ch typically represents the reservo ir area as a
fl at surface at the water level that existed at the time of the survey, which the
OEM is based on, and thus underestimates reservoir capacity.

MIKEll
M[KEII (DHI, 2003) is a 1-D hydrodynamic model developed by the Danish
Hydraulic Insti tute (DHI) for sim ul ating hydrodynamic flows, water quality, and
sediment transport in estuaries, river systems, and channels. The Hydrodynamic (HD)
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Module uses an implicit, finite difference computation method for modeling of unsteady
flows in rivers and estuaries by solving the complete St. Venant equations. This allows
the model to be applied to branched networks, looped networks, and even quasi twodimensional flow simulation, such as for overbank floodplain flows. The computational
methodology assumes a vertically homogeneous flow condition. Both subcritical and
supercritical flows can be modeled, with a numerical scheme that adapts according to the
local flow conditions, allowing both steep river flows and tidally influenced estuaries to
be simulated within the same model. In addition to the hydrodynamic equations, MIKEll
provides the option to use other methods such as high-order hydrodynamic, kinematic
wave, diffusive wave, or quasi-steady state methods. The Dam Break (DB) Module can
model the fai lure of one or more dams in a river system, which can also be simulated in
HEC-RAS and DAMBRK. It can simulate the initial dam failure using one of three
modes of failure. The dam breach expansion can be modeled either as a function of time
or of sed iment transport rate. The Dam Break Module accounts for breach flow ,
overtopping flow, and spillway flow.
Advantages of MIKE II include the good user interface and its connectivity to
other models through the GIS module that facilitates data exchange. In addition, the
inclusion of several computation methods enables the user to compare inundation results,
which gives confidence in the model estimations. Like other 1-D models, it has the
limitati on of channel-overbank flow exchange for wide flood plains. Other limitations
include the high price (approximately US$6,000), and the use of only Sl units (Snead,
2000).
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MIKE2l
One of the well-known 2-D models in the field is M1KE2l (DHI , 2003)
developed by the Danish Hydraulic Institute (DH!) to simulate free surface flows . MIKE
2 I is well suited to the detailed analysis, design, and management of flooding behavior
where a description of the 2-D flow building of rivers, lakes and their floodplains is
required. The hydrodynamic module used for floodplain modeling simulates water level
variations and flows in response to a variety of forcing functions in rivers, lakes and their
floodpl ains. Water levels and flows are resolved on a rectangular grid covering the area
of interest when provided with the topography, bed resistance, boundary conditions, wind
field, etc. The system solves the full, time-dependent, non-linear equations of continuity
and conservation of momentum . The solution is resolved using an implicit finite
difference scheme. M1KE21 Hydrodynamic Module HD provides output as time-varying
maps of water surface level and water flux in two dimensions with scale values defined
on the model grid specified by the user (DHI , 2000). Disadvantages include its limited
capability to model flow around buildings, such as current deflecting walls (Stoschek and
Matheja, 2000). Other reported disadvantages include the high price for the package, the
complexity of implementation, and the need to do several trials with the model
parameters to achieve solution stability.

Remarks
The above discussion introduced several widely-used models based on
descriptions provided in their user's manual and technical documentation and
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supplem ented by comments from other so urces and personal experience. Several
additional modes are avai lable, but have not been included in this review. It is concluded
that model selection for each case study should be based on the flood plain geometry,
data avai labi lity, data accuracy, avai lable computing resources, and the required level of
precision for the output.

Loss of Shelter

Loss of shelter is defined in this work as the damage to buildings that makes them
unsuitable for sheltering from the forces of the flowin g water, or toppling of vehicles or
people in flood water where they lose their stability. The following sections describe the
criteria developed by previous studies for the calculation of building damage and human
stabi lity in flood water.
Building behavior in flood water has been addressed in many stud ies. Thi s section
describes briefly some of the methods used to estimate the fate of buildings exposed to
flood water based on the type, and height in some studies, of buildings, flood water
depth, and flow velocity.
Black (1975) suggested that buildings in fl ood water are subjected to the
following three major forces: buoyancy, resulting from submergence in flood water;
hydrostatic pressure, exerted by water at rest; and dynamic pressure, exerted by moving
water. He calculated the buoyant forces exerted on three types of buildings : li ght drywall,
heavy plaster wall, and brick veneer. He found that light drywall buildings float when
submergence is about the midpoint ofbuilding height. Heavier buildings remain intact
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until submergence is about three quarters if the building height. Table I gives the results
of his calculations for three bui !ding types, which are referred to as "versions."
Sangrey, Murphy, and Nieber ( 1975) applied Black's criteria on a real case study.
They classified buildings into nine categories based on the bui lding type and number of
stories and assigned an average building weight for each category. They assumed that the
building is destroyed when the horizontal force calculated using the equation given below
is equal to the weight of building such that:.

FH = CD* 0.5

* p * v 2 * b * (d- hro)

In which:
CD

= drag coefficient = 2.

p

=water density (kglm\

v

=velocity (nlfs).

b

=projected width perpendi cular to flow (m).

d

= depth of water (m).

hro

=foundation height (m).

The combination of buoyancy force calculated by Black (1975) and the drag
(horizontal) force calculated by Sangrey, Murphy, and Nieber (1975) defines the
relationships using submergence depth and flow velocity combinations needed to destroy
a building.
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Using the following assumptions, given by Black (1975) and Sangrey, Murphy,
and Nieber (1975) could be used to produce depth-velocity relationships for building
damage:
1. Drag coefficient CD

=

2.

2. Building average weight per category is given in Table 2.
3. Building size is 7.3m

* 9.8m with flood hitting the longer side (more critical).

4. Foundation level hro is at ground surface.
Using these values in Table 2, a value for v 2d value is estimated for each
category in Table 3.
The US ACE (1985) developed a set of building collapse curves for the Portland
District for its study of the Willamette River System. Four classes of building are
identified as shown in Table 4. For each of the identified classes, a set of collapse curves
based on depth and velocity of flow are given for one, two, and three storey buildings as
shown in Figure 1. Analysis of the USACE curves gives results of curve fitting to three
of the defined categories. Curve fitting results are given in Table 5.

Table 1. Black' s (1975) criteria for building damage
Building type

I Story

I Yz Story

2 Story

Version I (lighter, drywall construction)

1.9m

2. 7m

2. 9m

Version II (heavier, plaster wall construction)

2. 8 m

3. 5m

4. 7 m

Version I with brick veneer

5. 2m
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RESCDAM (2000) project in Finland studied a lot of previous studies and
compared the assumptions and results of each study. The project concluded that Table 6
and Figure 2 can be used as building damage criteria for Finish houses.

Table 2. Sangrey, Murphy, and Nieber (1975) building classification and average
weights
Category

Description

A

Weight (ton)

!-story-light construction frame house

B

7.8

!-story-heavy construction frame house

-- -c- --~

11.1

-~ ~---- ------~-~~--

I Y,-story-light construction frame house

- ·

11.1

D

1 v,-story-heavy construction frame house

16.3

E

2-story-light construction frame house

12.6

F

2-story-heavy construction frame house

18.8

G

!-story sheds and garages

1.0

Special heavy building, commercial, masonry,

-

H

more than 2 stories, etc.

v

Brick veneer frame building, 1 or I Y,-stoties

-

Table 3. Black (1975) damage criteria based on Sangrey, Murphy, and Nieber (1975)
assumptions
Light
# of Stories

I

v 1 d (m'ls)

o. 80

I u
1

1. 13

Heavy

I

2

I

1

1. 29

I. 13

I
1

I.

5

1. 66

I
1

2
I. 92
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Table 4. US ACE (1985) building classification
Class
A

Description
Structural steel columns and beams with non bearing walls

B

Reinforced concrete columns and beams with non bearing walls

c

Masonry or concrete bearing walls

D

Wood or steel studs in bearing walls with wood or steel frame .

Tabl e 5. USACE (1985) building collapse criteria
1-Story

2-Story

3-Story

C-Masonry or

v < 1.92 m/s

v < 2.29 m/s

v < 2.29 m/s

concrete

d*v 2 < 12.80 m3/s

d*v 2 < 38. 80 m3/s

d*v 2 < 54.70 m3/s

d < 3. 05 m

d < 4.57 m

D < 6.10m

d*v 2 < 7.51 m3/s

d*v2 <7. 51 m3/s

d*v 2 < 7.51 m3/s

D-Wood buildings

D-Steel buildings

v < 5. 40 m/s

v < 5.40 m/s

v < 5.40 m/s

d*v2 < 10.13 m3/s

d*v 2 < 20.00 m3/s

d*v2 < 28.74 m3/s

Table 6. RESCDAM (2000) recommended building damage criteria
Building type

Partial damage

Total damage

Wood-framed
unanchored

v*d 2:2 m'/s

v*d 2: 3 m'!s

anchored

v*d 2:3 mL!s

v*d 2: 7 mL/s

Masonry, concrete & brick

v 2: 2 m/s &

v 2: 2 m/s &

v*d 2: 3 m 2/s

v*d 2: 7 m 2/s
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Figure I . US ACE ( 1985) building collapse curves.
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Structure Damag e Criteria for Light Wood Build ings
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Figure 2. RESCDAM (2000) recommended cri teri a for building damage.
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Research has also been conducted o n the stability o f humans in flood water. As
referred to in RES CD AM (2000), according to the Federal Emergency Management
Agency (1 979), a moderate sized person begin s to lose stability in 0.91 m (3 ft) deep
water fl o wing at 0.6 1 m/s (2 ft/s). In th is case, v* d is 0.5 6 m 2/s (6 ft 2/s). A child loses
stability in water at lower depths and veloc iti es. Swift ly flowing water with a depth o f
onl y 15 em (6 in) can topple a person (FEMA, 1979). Roberts and Alexander ( 1982) state
as a general rule that water depths greater than 1m cannot be negotiated by those who
cannot swim . It is important to notice that not only residents of the fl ooded area but also
rescue o ffici als are in danger. Abt et al. ( 1989) studi ed the effect of flood water on a
hum an subj ects as well as a ri gid bod y monolith to simulate a human body. The objective
of their study was to estimate the limits o f depth and velocity of fl ood water for wading,
beyond whi ch, peopl e are in a li fe threateni ng hazard.
Abt et al. (1989) conducted a set of ex peri ments using human subj ects with
weights ranging fro m 41 kg to 9 1 kg and heights from 1.52 m to 1.9 1m. The monolith
mass was 53.4 kg and had a height o f 1.52 m. The variables included in these tests
included flum e s lope and the surface on whi ch the subjects stood. Two flume sl opes
( 1.5% and 0.5%) and four test surfaces (turf, smooth concrete, steel , and gravel) were
used. Consistency for results of human subj ects was achi eved by using simil ar clothing
for all subj ects. Results are given in the fonn of a product number (PN) fo r depth and
ve loc ity at the point of loss of stability de fin ed as fo ll ows:
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P = d*v

In whi ch:
d

= the depth of flow (m) .

v

= the average flow velocity (tnls).

Results from these experiments, as shown in Fi gure 3, represent the point when
the test subject lost stability due to co mbi nati ons of water depth and fl ow ve loci ty
ex pressed as a PN. The range o f results is shown in Table 7. It should be noted that the
results for the monol ith are much lower than for the human subjects. The reason for thi s
is the abi lity of human subjects to adjust body pos ition with different flow cond itions and
bed slope. Detailed results also show that PN values for heavier and ta ll er human subj ects
is hi gher than that of lighter and shorter subj ects.
According to Abt et al. ( 1989), the study bi as and constraints included the
fo llowing:
I. The test persons were influenced by the presence of safety equipment.
2. The test persons leamed to maneuver in the flow with time.
3. Two hour testing session inc lud ed 2- 4 tests, which might in some cases have
fatigued a test person.
4. The test conditions were optim al, in other words lighting conditions were
good and there was no debri s in the water. Water temperature vari ed between
20 ·c and 26 ·c.
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5. The ages of test persons ranged from 19 to 54 years and they were all in good
health
6. The test persons did not carry any additional loads.
The RES CDAM Project (2000) conducted a similar experiment using seven
human test subjects. Due to the range of characteristics of the individual test subjects, that
affected each person's stability in the flow , a wide range ofPN values were obtained
varied from 0.64 m2/sec to 1.26 m2/sec. Taller and heavier individuals managed better in
flowing water (Figure 4).
The UWRAA (1993) report on the stability of humans in floodwaters
distinguished between adults and children. The "critical child" in this study is the
youngest child that can take care of itself, and was assumed to be about five years of age.
The stability calculations considered two possible mechanisms of instability. The first
mechanism is when the drag force overcomes the frictional resistance between the
person's feet and the ground. The second mechanisms occur when the moment resulting
from the drag force overcomes the restoring moment of the person ' s net weight. The
results of this study area shown in Figure 5.

Table 7. Human stability test results expressed as PN (Abt et al., 1989)
Bed Slope
2

Range (m /s)
Human Subject
Monolith

0.5%
Minimum
0.93
0.22

I
I
I

Maximum
2.13
0.39

1.5%
Minimum
0.70
0.22

I
I
I

Maximum
1.94
0.39
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Warning and Evacuation

The process of warning and evacuation is one of the most complex processes in
the study of life loss estimation. Some reasons for this complexity include the uncertainty
in the number and location of people, technological and social aspects related to warning
diffusion and mobilization, and the uncertainty related to human decisions that affect
evacuation, shelter selection, and route selection .
The first type of studies related to warning and evacuation explore the
socio logical aspects that affect warning ti me and mobilization time. Sorensen ( 199 1)
investigated the complex dynamics of human behavior in evacuations. He identified the
major fac tors affecting the vari ation in time of departure for a warned population. This
tim e was divided into two parts: the warning receipt time and the mobili zation tim e. The
warning receipt time was considered, initiall y, as a function of the following variabl es:
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Figure 3. Flow conditions which caused loss of human stability (in RESCDAM, 2000,
based on Abt et al., 1989).
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I. Social context, describing the activities and locations of people.
2. Social building, such as nature of the family, ethnicity, and physiology.
3. Warning system building.
Mobilization time was hypothesized to be dependent on the following variab les:
I. Physical constraints, such as disabilities.
2. Perceived threat from the warning message.
A survey was conducted following a real evacuation. An ordinary least squares
regression analysis was performed to link the variables li sted above to the time of
warning receipt and the mobilization time. Figure 6 shows paths where the relationship is
significant at a level of sign ifi cance of (p = 0.05). It also shows the exp lained and
unexplained variance for each relationship considered. The study showed that so me of
the variables that were hypothesi zed to have an effect on the departure time were
statistically insignificant, at least in this case study.
Other types of evacuation studies attempt to explain the details of the processes of
warning and mobilization through identifying mathematical descriptions of these
Processes. These two times are very important in the calculations of road network loading
and evacuation traffic modeling. The fol lowing sections describe summarize some of
these studies.

Warning people of impending dan ger involves two conceptually distinctive
aspects: alerting and notification. Alerting makes people aware of an imminent hazard. It
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deals with the ability of emergency officials to make people aware of the threat. Alerting
frequently involves the ability to break through the acoustic environment and cue people
to seek additional information. In contrast, notification focuses on how people interpret
the warning message. Interpretation of the warning message is critically important to
people in their selection of appropriate behavior in response to emergency warning
(Rogers and Sorensen, 1988).
Emergency officials alert the population at risk using warning systems. The
effectiveness of a warning system depends on several factors such as its ability to reach
all the designated population, the time taken to spread throughout the population , and the
c larity of the message delivered. Examples of warn ing systems may include the following
(Rogers and Sorensen, 1988):
I. Sirens and alarms to prompt people to obtain additional warning information

from the media.
2. Tone alert radios, which are centrally activated, followed by a broadcast
warning message.
3. An automatic-di aling telephone system, which hangs up all on-going call s in
the system, blocks out incoming ca ll s, and then rings the phones and play a
warning message.
4. A dual media and emergency officials system in which the Emergency
Broadcast System (EBS) is activated and officials go through the areas at risk
to disseminate the warning.
5. A combination siren and tone-alert radio.
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Figure 6. Path model (Sorensen, 1991 ).

6. A telephone ring-down (or autodialing) and siren system (Rogers and
Sorensen, 1988).
A study of the diffusion of emergency warnings by Rogers and Sorensen (1988)
focused on testing the effectiveness of the warning systems listed above and the timing
for warning message dissemination. The study used a general model for emergency
warning diffusion as a logistic function. The best performance was obtained using a
combined system of a siren with either tone-alert radios or autodial telephones. Figure 7
shows a comparison of the tested warning systems for the portion of the population
receiving the warning as a function of time from the warning issuance.
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Another study by Rogers (1994) discusses the factors involved in the timing of
emergency decisions and modeled the process of critical decision making in an actual
emergency, a chemical accident in this case. They describe the process of emergency
warning as a cyclic process starting with initial detection and leading to hazard
assessment and communication, and then behavior selection. The process loops as more
people get warned and they reassess their decisions based on new information. Figure 8
shows a summary of that cyclic nature of emergency warning. Rogers ( 1994) collected
data for incidents that occurred between 1984 and 1989. He then analyzed the time
required to take a decision to warn people and advise them to take protective actions or to
provide an all-clear order. He found that the type of action that people are instructed to
take in the warning message has a significant effect on the time required to make the
decision such that it ranges from one minute to 16 hours and averages 79 minutes.
Protective action ordered took an average of one hour 45 minutes while all-clear orders
took an average of7.5 hours. Figure 9 summarizes the timing of community response
decisions by type of decision as the proportion having reached the decision during the
first 12 hours of the process.
Sorensen and Mileti (1988) present a set of curves, reproduced in Figure I 0, that
represent warning diffusion as a warning time (Wt) from the time when the initial
warning is issued until the arrival of the hazard. For lead times less than one hour, the
cumulative percentage of population warned is calculated using the following form:

%warned = 81.83

* e .4SS

(R 2 = 0.98)
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In which:
= time elapsed afier warning issuance (hours).
Two more curves are given for lead times between one and three hours and for
lead times more than three hours as follows:

%warned = 59.58

* t04753

(R 2 = 0.67)

%warned = 66.63

* t0·2089

(R 2 = 0.58)
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Figure 7. Warning diffusion relationships for various warning system types (Rogers and
Sorensen, 1988).
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Warning Diffusion Curves
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Figure 10. Warning diffusion curves (based on Sorensen and Mileti, 1988).
The effectiveness of any warning system is highly dependent on ihe activities of
the targeted population. Rogers and Sorensen (1988) stress that each warning system has
a penetration capability that can be distinguished for the following five fundamental
locations or activities:
I. Home asleep.

2. Indoors at home or in the neighborhood.
3. Outdoors in the neighborhood.
4. In transit.
5. Working or shopping.
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They also added two other activities: "watching television" and "listening to
radio," which override the first set of five locations or activities. Their study used the
average time budget in Figure II from Juster (1983) as guide for the percentage of
population engaged at each activity, which is used to develop weighted-combinations of
the warning diffusion curves shown in Figure 7.
Glickman (1986) suggested a methodology to estimate time-of-day variation in
the population at risk. The bases for his methodology are land use for the study area and
survey statistics of the trips taken in and out of the area throughout each working day.
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Mobilization

After receiving the warning, peopl e at ri sk spend some time preparing to mobili ze
and start moving outside the risk area . Thi s is referred to as the mobili zation tim e. The
followin g di scussion is based on a state-o f-th e-art review of evacuation modeling by
Southworth ( 199 1). This review classifies the population receiving the warning into the
following three response categories: people who leave immediately when ordered to do
so; those who delay their decision unti I they gain more confidence in the official
instructi ons; and others who are likely to remain behind either as a residual population at
ri sk, or until forced to move.
Different approaches that can be used to approximate the evacuee mobili zati on
time curve are as follows:
I. Approximations based upon past empirical evidence.
2 . Approximations based upon surveys of the stated intentions of potenti al
evacuees.
3. Approximations based upon pl anner's judgment and conceptualizati on of
human response to an emergency.
4. Approximations based upon s imul ation of the diffusion of em ergency warning
system messages and the subsequent spread of information within the
communi ty at risk.
Due to the nature of hum an decis io n making and behavior included in the
mobilization process, some studies used expert judgment to develop a probability
distribution for the number of people mobili zed over time. More recently, a number of
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studies developed functions to describe the process of mobilization by either conducting
surveys or using the judgment of emergency managers. Tweedie et al. ( 1986) used
experts within the state Civil Defense Office to generate a mobilization curve based upon
the Rayleigh probability distribution function , of the following form:

In which:
Ft

= percentage of population mobilized by timet.

T

= a parameter the ana lyst can adjust, to control both the slope of
the traffic loading and also the maximum time at which all
evacuees are assumed to have mobilized.

Radwan, Hobeika, and Sivasailam (1985) developed a logistic traffic loading
curve to be incorporated in the MASSEVAC model code in the form:

Pt = I I {I + exp (- a(t- b)]}

In which:
Pt

=the cumulative percentage of total traffic vo lume to be evacuated
at time t into the emergency.

a, b

=model parameters to be calibrated.
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Duclos, Binder, and Riester ( 1989) conducted a survey after the evacuation of
Nanticoke, PA, as a result of a metal processing plant fire. Telephone interviews were
distributed to a sample of the city residents and the results of the study regarding the
delay in minutes between the first evacuation directive and mobilization are shown in
Figure 12. The results show that after one hour from receiving the first warning, more
than 80% of the population had mobilized.

Evacuation and Clearance

The warned population who decide to leave the exposed area for a safer place face
some important decisions. The first decision is where to go and the second decision is
how to get there. The destination selection procedure depends on many factors such as
type of development in the area and time availability from the moment warning is issued
to the occurrence of the hazardous event. Modeling the first decision of destination
selection can be done in one of the followin g ways (Southworth, 1991):
I. Evacuees are assumed to exit the at-risk area by heading for the closest
destination defined in terms of distance and/or travel time.
2. Evacuees will display some degree of dispersion in their selection of area exit
points, depending upon such factors as the location of friends and relatives
and the speed of the hazard on-set.
3. Evacuees will head to pre-specified destinations, according to an established
evacuation plan.
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4. Evacuees will exit the area based on traffic conditions on the network at the
time that they try to leave the area.
The second decision is to select a route to reach the destination . Modeling this
decision has been the focus of several studies with the objective of obtaining a good
estimate of the time required for the population to clear an at-risk area. Although the
decision is based on dri ver and situati on characteri stics, the major concern in the
modeling process is the level of combination between random, or confused, decisions
versus pre-planning. Past and present evacuation route selection models have adopted a
range of assumptions, which Southworth (199 1) classified under the following four
approaches:
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1. Myopic route selection behavior, dictated by traffic conditions at each
intersection.
2. System optimal or user optimal route selection behavior.
3. Combined myopic plus user route preference behavior.
4. Static assignment- routing according to an established, and controllable,
evacuation plan.
One of the most widely used evacuation models is the DYNEV model developed
for the Federal Emergency Management Agency (FEMA) by KLD Associates for use as
a component of FEMA's Integrated Emergency Management Information System
(I EMS) (FEMA, 1984; KLD, 1984). This model uses static assignment of traffic. The

model is based of the interaction of different traffic streams rather than single vehicle
movement. DYNEV has been used to estimate hurricane evacuation times for large urban
populations.
One of the latest models is OREMS model (ORNL, 1998). OREMS is a standalone software system capable of estimating evacuation time for regional population
evacuat ion studies. In addition to evacuation time, the model can dynamically address
several issues related to evacuation process such as the population at different locations
within the study area, the best route choices for evacuation, and the potential "hot spots"
or "trouble spots" within the study area .
Recent transportation and evacuation models are designed to make use of the
available GIS data such as road networks, population distribution, and shelter locations.
The advantage of using GIS data is the reduction in the time required to define the road
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network segments and connectivity. Therefore, details for the road network of the study
area can be included in the model more cost effectively . Finally, the GIS system enhances
the visualization of the results. An example of such a model is the CEMPS (Pidd, Eglese,
and De Silva, 1997). This mode l has been designed to enable emergency planners to
experiment with different emergency evacuation plans. CEMPS is a prototype spatial
decision support system with a link to ARCflNFO. Outputs from this model include the
analysis of shortest routes to shelters, querying shelter capacity, population loading, and
traffic loads.

Vehicle Stability in Flooding

During the evacuation process, some people might get caught in flood water
before reaching their destination. The effect of flood water on people who choose to
evacuate on foot can follow the same criteria shown in Figure 4. However, some studies
also considered the point where vehicles float and cease to be a safe haven and means of
evacuation for people at risk. A study for vehicle stability by the New South Wales
Government in Australia (NSW, 1986) set the criteria for vehicles as shown in Figure 13.
Another Australian study by UWRAA ( 1993) studied the forces acting on
vehicles in flowing water. The report stated that cars become unstable when the drag
force at an axle is equal to the restoring force due to axle load. The drag force Dr acting
on the side of the vehicle is given by:

Dr = 0.5 • p • Co • A • v2
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In which:
p

=density of water.

Co

= drag coefficient.

A

=submerged area projected to the flow.

v

=velocity of flow .

The restoring force on the axle is the friction resistance between the tire and the
road and expressed as:

Fr = fl*N
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In which :
f!

= friction coefficient and

N

= axle load in dry conditions minus the buoyancy forc es on the
vehicle distributed on th e front and back axles according to the
center of bouncy location.

Figure 14 shows the limitations of stability for different cars.

Monte Carlo Simulation

Monte Carlo Simulation (MC) is a methodology to derive probability distributions
using structured sampling experiments. The name, Monte Carlo, comes fTom th e cap ital
of Monaco, which is famous for its gamblin g casinos. The gambling process is random in
nature. However, from a stati sti cs point of view, the likelihood of outcomes could be
estimated by observi ng a large number of tri als.
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For rea l world applications, MCcan be used to generate a number of synthetic
states of the problem in hand taking into consideration a range of variation for the factors
affecting th e solution associated with the probability of occurrence of each factor.
In general, the method consi sts of five steps (ERisk, 2000):
I. A computer is used to generate what appears to be a seri es of random numbers
(A computer cannot generate truly random numbers, but it can get close
enough).
2. These pseudo-random numbers are used to simu late the random phenomena.
3. Assumed relationships are app li ed, and outputs are calculated for each
simul ation.
4. Several possible scenarios are covered within repeated tri als.
5. In the end , a sample set for targeted outputs is generated and ana lyzed to
obtain insights about the relationship of the statistical character of the outputs
to the statistical properties of the input variables.
The process of random number series generation on digital computers has been
studi ed ex tensively and a number of techniques has been developed. Initi ally, manual
methods for developing random numbers seri es used mechanical techniques such as a
rotating disk with equal divisions or a roulette wheel. These methods required a long time
to develop a relatively long series. Then, a set of computer models that use either
memory addresses or some mathematical formu lations were developed and tested. As the
random number generation process is not random , the generated seri es are then called
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"pseudo random" although the series generated satisfy the conditions and tests for a
uniform probability distribution.
The next step in the procedure of developing a Monte Carlo simulation model is
to transform the uniformly distributed random series into the probability distributions of
the uncertain system variables and parameters. The transformation technique is highly
dependent on the shape of the probability distribution function of the variable. If the
function is integrable, non-negative, and mathematically invertible, the direct method is
implied. Other functions might be mathematically complex such that inverting the
function could be an exceedingly complicated process. In this case, the rejection method
is applied with a disadvantage of consuming more processing time and requiring longer
random number series. A third method combines both direct and rejection methods by
separating the probability distribution function into two functions. The first function is
sampled by the direct method while the second function uses the rejection method. This
technique is helpful when the function is complex, so that the direct method in not
applicable and it is "spiky," where the performance of the rejection method is
unacceptable.
Simulation of the mathematical model then proceeds with the sampled values for
model parameters and input variables. Rubinstein (1981) stresses that the number of
simulation runs should be large enough to capture all the range of variability of the model
inputs and to allow a sufficient number of random combinations of inputs so that the
model output is fully represented. Results should also be tested for convergence such that
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the change in the statistics and the probability distribution curve for the output is
insignificant with an increasing number of simulation runs.
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CHAPTER lli
FOUNDATIONS OF LlFESim MODEL

Case Histories

The first phase of this research involved the collection and characterization of
case histories of flood events and the people in those floods. It was reported in
McClelland and Bowles (2002). Following that report some additional case histories were
characteri zed so that of about 54 identified flood events that have caused loss of life have
been characteri zed. Most of these involved failure of a dam, but some were dike failures,
flash floods , regional floods, or other types of floods. The characterization of each event
entai ls dividing the population at risk (represented by the symbol Par) into subpopulations at risk (which are called subPar or Par;) and their corresponding threatened
populations (Tpar1), assigning values to nearl y I 00 quantitative or categorical
(descriptive) variables4 for each subPar, and documenting insights into life-loss
dynamics. Of the 54 events have been characteri zed , yielding 250 non-overlapping
subPar. The proportion of lives lost within these subPar ranged from zero percent to I 00
percent, with good representation throughout this range.
The work of characterization has been accomplished in stages, all owing for an
evolutionary, iterative process. Variables have been added, discarded, and more carefully

4
11 was never our intent to use all of these descripti ve variables for life-loss estimation. The
vanables used for estimation are a subset of the entire group of descriptive variables. Those variables that
are not used for estimation are useful for general understanding of life-loss dynamics and for appreciating
the setting of case histories upon whkh the empirical aspects of our model are built.
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defined as the work has progressed. Those variab les that are most importan t to our lifeloss module were developed after approximately half of the original group of subPar was
characterized. At that point, it became apparent that more traditional life-loss estimat ion
variables, most of which were developed with heterogeneous Par in mind, failed to
adequately describe dominant life-loss patterns on the sca le of subPar. ln subsequent
characterizations, we have evaluated the usefulness of the new variables for estimating
life loss and refined their definitions to improve their usefulness for life-loss estimation.
The following subsections describe the method used in characterization of case histories
detailed in McClelland (2000) and McClelland and Bowles (2002).

SubPar (Par;)

Population at risk (Par) should be subdivided whenever there is a clear change in
a major characterizing variable and there exists sufficient historical evidence to
characterize Par; individually. The exact information required will depend on the
components of any proposed model, but information regarding the size of the subPar, the
life loss within that subPar, some measure of the warning time applicable to that subPar,
and a description of the floodin g characteristics or damage characteristics within that
subPar are essential. It is also hi ghly desirable to know how many people successfu ll y
evacuated prior to the flood 's arrival, the tim e required for evacuation, and the
circumstances or locations where individuals either perished or survived the flood. Most
variables must be characterized for every subPar and may be subscripted for ease of
reference. The goal is to produce subPar that are as homogenous as possible and that can

61

then be grouped with like populations from diverse events to obtain a historic frequency
di stributions for key variables like life loss (L) (McClelland, 2000; McClelland and
Bowles, 2002).

Par type (Pt)
Pt refers to the physical environment surrounding a given subPar or fraction of a
subPar. When recording the codes for Pt, each symbol should be listed separately and,
when possible, tagged based on its percent of Par,. If subPar are trul y homogeneous in
every respect, they are called homogeneous base units (HBUs). McClelland (2000)
developed the ideal construct of HBUs, whi ch can only be approximated in reality, but
whi ch arc useful for descriptive purposes. HBU s have predictable life-loss distributions,
with variabi lity that can be represented by chance, but a small number of HBUs can be
aggregated in numerous ways to create any historic, future, or hypothetical flood event.
Guidance for approximating HB Us is provided by McClelland (2000) and
McClelland and Bowles (2002) in noting the following:
I. Isolating Par; by location promotes homogeneity on all levels,
2. Distinguishing Par; by Par type (Pt) minimi zes differences in the physical
environment, Par type (Pt) refers to the unique physical environm ent
surrounding members of a subPar,
3. Distinguishing Par; by the magnitude of the excess evacuation time (E) and
reducing Par; to the threatened subpopulation (Tpar;) minimizes differences in
temporal-spatial dynamics. At the level ofTpar, an analyst can approxim ate
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HBUs by identi fying flood zones. It is important that these zones are threedimensional, since, in terms of fatality rates, the HBU on the second or third
story of a building mi ght be the same HBU as shallow flooding near shore.
Fl ood zones are spatially di scontinuous regions in the flood that have simil ar
ex posu re characteri stics and hence similar fatality rates probability di stributions.

This subsection describes McClelland 's (2000) classi fication of buildings as
shelters (havens) for the populati on at risk that leads to the assignment of fl ood zone
catego ri es.

Sa fe havens (Sh)
Safe havens may or may not be flooded , but they represent places of she lter in
whi ch deaths have historically been extremely rare. When deaths occur, they generall y
invo lve young chi ldren or persons of limited mobility who cannot swim and are trapped
in an area wi thout another person of average ability to assist them. Safe havens include
the following:
I. An upper story with sufficiently shallow flooding that occupants are not
washed out a window and can float on a bed or stand freely. These conditions
are generally maintained when the flow does not rise more than one foot
above the windowsi ll s in the highest story (about 3 ft above the floor) and the
building is not destroyed.
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2. Quiescent floodin g that does not trap people without air. When fl ooding is
relatively quiescent, people readily keep their heads above water by treading
water, standing on stationary platforms such as counters, floatin g on beds, or
by clinging to floatin g furniture. If such flooding does not persist to the point
where it would lead to extreme hypothern1 ia or exhaustion, a relatively safe
haven is maintained even when waters come within I fl of a fl at cei ling or 2 fl
of the peak of a sloped ceiling, whether or not the ceiling is elevated.
3. An attic that is accessible from within a house or trailer home.
4. A rooftop. The important point is not that safe havens in build ings are eq ually
easy to reach, but that if some peopl e can reach them, they preserve a means
of shelter that is likely to reduce fatality rate across a subPar compared to
situ ati ons in which every building is ob literated. Means of access mi ght
include an internal or ex terna l lire escape, a roof door, or a dormer window .
During 19th century floods, there were many examples of people using a
bedpost or other sturdy objects to poke a hole in a ceiling or wall to reach
shelter. Similar access to a roof might be possible through many attics today.
People have also been known to climb objects like drainpipes or trelli ses, or to
intentionally use the ri sing water to flo at up to the roof while they cling to
such objects. However, when rooftops must be accessed through hi ghl y
unreliable means, and people must apparen tl y rely on chance to be successfu l,
they should be treated as chance havens.
5. A stout tree that is easy to climb, taller than the flood, and not toppled.
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6. Any island or region that experiences shallow flooding during the peak of the
flood, such that depths of flooding are easy to resist while standing or clinging
to convenient anchors like telephone poles or lampposts (depths of I - 5 ft,
depending on the velocity).
7. The hillside beyond the flood if a member of the threatened subpopulation
(Tpar;) can readily drive or wade to it while the flood is still shallow, or if they
can reach it directly from the roof or an upper story.

Chance havens (Ch)
If debris does not crush or fatally wound flood victims, it can provide a means of
floatation that has saved many lives. Debris is defined as a chance haven rather than a
safe haven because its availability and pathway cannot be readily predicted, its benefits
are unreliable, and it can directly cause life loss when not a benefit.
Chance havens are refuges in the flood , including other types of havens, that are
reached primarily by chance or whose benefits are highly unreliable. As such, they
contribute significantly to the variance in fatality rates across similar events.
Chance havens fall into at least five categories:
I. Rafts and floatation aids: severed rooftops, mattresses, propane tanks, logs,
etc.
2. The roofs of floating buildings: because it is both more difficult and more
dangerous to reach and remain on a rooftop after a building begins to drift,
lurch, spin, or sink, rooftops should be treated as chance havens whenever a
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building drifts more than I 00 yards. Although somewhat arbitrary, choosing
I 00 yards seeks to standardize the approach of analysts in a way that seems to
reflect the trends in the historic events ana lyzed in this study. Based on
hi storic damage patterns and life loss, buildings that drift less than 100 yards
are more appropriately considered pseudo-safe havens most of the time.
3. Stationary buildings: any immobile refuge that is reached while drifting,
including rooftops, upper-story windows, aerated havens, treetops,
overhanging branches, debris dams at bridges that allow victims to walk to
dry land, and the shore itself. If people must rely heavily on chance to reach a
largely inaccess ible roof, thi s would also constitute a chance haven .
4. Aquatic havens: any location from which shore can be easi ly reached, such as
a lake or a quiescent backwater, without fighting high velocities.
5. Wading havens: these are rare, falling in the narrow range of depths and
veloci ties that are too high to be considered safe havens and too low to
consistently sweep peopl e away. Due to debris, waves, and unpredictable
turbulence, such chance havens wou ld not typically last long.

Pseudo-safe havens (Psh)
Pseudo-safe havens are safe havens on or in buildings that become reclassified
once the building begins to drift. They are a hybri d between safe havens, which are static
and predictable, and chance havens, which depend on the whims of the current and the
debris load. They exist only among a subset of buildings with major damage (see Loss of
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Shelter, Ls). Rooftops are considered chance havens (Ch) rather than pseudo-safe havens
when a building drifts more than 300 ft.

Aerated havens (Ahl
Aerated havens are typically found only when parts of stationary buildings are
tom away (the upper end of Ls = M). They are those pockets of protection fonned by the
remaining walls, floor, counters, etc., that provide a place for survival if the occupants are
fortunate enough to have been located in that portion of the building. They are not safe
havens because their locations depend in part on chance, and great strength, stamina, and
good fortune may be required to resist being swept away in the face of increased
ex posure. However, they are not chance havens because they are most likely to fonn in
locat ions where people are most like ly to seek shelter- that is, in the most protected
sections of temporary safe havens. For those who occupy an aerated haven (Ah), survival
would generally be more likely than for those already in the open current and less likely
than for those in a safe haven.

Comprom ised havens (Coh)
This simply places pseudo-safe havens and aerated havens in a single category.
These two havens are likely to be hi ghly variable with respect to life loss, with rates
simi lar to safe havens when the haven is modestly compromised and with rates
approaching that in the open flood when the haven is severely compromised.
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Loss of Shelter (Ls)

Loss of shelter is the characteri zation of building according to the damage caused
by flood water. Ls identifies the level of safety that the occupants of any building may
experience. It is important to reali ze that Ls is not the same as economic damages. Lives
are lost within buildings when occupants fall into water in which they cannot swim;
become trapped under water as a room fills to the ceiling; get struck by large, external
debri s penetrating from outside; or get washed through a wall or out a door or window
into open water (McC lell and, 2000).

Low category (Ls - L)
Almost every room has a counter, desk, couch, table, chair, bookcase, bed,
dresser, piano, or other piece of furn iture th at can provide an elevated pl atform or a
fl oatation device during a flood . When a fl ood is relatively quiescent, with few
exceptions, these objects and a little swimming allow people to keep th eir heads above
the water surface even when the flood nears the ceiling. While elevated ceilings could
pose a special problem, a flood reaching such depths without causing major damage
would necessarily be very calm , making it easier to cling to floating furniture, tread
water, or hang onto rafters. This has been demonstrated in commercial buildings. Hence,
Low category is considered when there is minor structural damage (safe havens) and the
flood does not encroach within a foot of the first-floor ceiling, or withjn 2 ft of the peak
of a sloped cei ling.
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Medium category (Ls

=

M)

If the highest accessible floor, including an accessible attic, is filled with water
beyond I ft of the ceiling, but the flood does not crest an accessible roof, loss-of-shelter
category is Medium (Ls = M) rather than High (Ls = H) because an accessib le safe haven
remains. If walls are ripped off but portions of walls and floors or counters remain to
shel ter occupants from the main current or to provide something to which they might
cling (compromised havens), the Joss of shelter is High; but if only trivial structural
members remain, such that all shelter is lost, the dwelling is destroyed .
A building is destroyed any time it is tom apart and submerged in the flood.
However, if a building floats off its foundation and maintains an accessible pseudo-safe
haven for the duration of the flood, loss-of-shelter category is Medium.

High category (Ls = H)
If a rooftop is inaccessible, a building is destroyed when the top floor or
accessible attic is completely submerged (chance haven). If a rooftop is accessible, the
building is considered destroyed only if the flood or flood waves wash across the crest of
the roof to an extent likely to wash peop le into the flood. Since the momentum of the
flood riding the slant of the roof will cause waves to run up, this elevation is genera ll y on
the order of a foot or two below the crest of the roof.
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Flood Zones

When one includes the open current and depths in which successful wading is
highly dependent on chance, a nood can be divided into three zones with unique life-loss
distributions. Each zone is described below. Figure 15 shows the probabilities of
proportional life loss for the three nood zones.

Safe zones CSz)
This includes all safe havens. These provide a high degree of safety and a
consistently low fatality rate. Havens that have been only mildly compromised have
simi lar life- loss characteristics and so shou ld be included. The proportional life- loss
distributions in safe zones should closely approximate that for loss of she lter (Ls) is Low
Category (Ls = L).

Compromised zones (Coz)
These zones include that central portion of compromised havens that have not
been purposely classified as safe zones or pseudo-chance zones. Because the tai ls are
accounted for under pseudo-chance zones and safe zones, the proportional life-loss
distribution should closely resemble that when the severity of building damage for loss of
shelter is Medium Category.

Chance zones (Cz)
Chance zone includes the places where people are submerged or face the open
nood , and all chance havens that might be reached while drifting. The proportional life-
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loss distribution in chance zones should closely approximate that for loss of shelter is
High category (Ls = H).

Key Variables Used in UFESim Model

The previous section described the basis developed by McClelland (2000) and
McClelland and Bowles (2002) to characterize loss of life case histories. This section
summarizes some important aspects of the definitions of variab les used in our model. In
particular, we di scuss the dependency of the magnitude of dam-failure life loss on
whether people successfully evacuate and whether those who fail to evacuate are able to
find adequate shelter. More detailed presentations can be found in McClelland (2000),
and McClelland and Bowles (2000, 2002).
McClelland and Bowles (2002) have shown that warning time (Wt) 5 is a re latively
poor predictor of whether or not peop le will successfully evacuate. They suggested the
use of excess evacuation time (E):
E = Wtavg - Ret

In which:
E

= Excess evacuation ti me (may be negative)

5
Waming time is defined in different ways. We define it like other life-loss researchers from the
standpoint of the flood victim. A typical definition is the length of time from when the first public warning
is issued until the dam-failure flood wave reaches the first person in the population at risk. From this
perspective, warning time says something about the time potential flood victims have to evacuate, but
warning time does not indicate whether or when individual warnings are received or believed. Emergency
action planners sometimes defme warning time from the standpoint of emergency response personnel: the
time beginning at dam failure and ending when the first warning is issued.
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Wtavg =Average warning time from all sources, including non-official
sources such as neighbors and sensory clues
Ret

=Representati ve evacuation time

Excess Evacuation Time is the average time available to evacuate minus the
representative time required to evacuate. The Excess Evacuation Time may vary
dramatically from one location to another based on how quickly emergency management
officials can deliver individual warnings; how urgent, credible, and frequent the warnings
are; the nature of sights, sounds, and vibrations that provide natural warn ings; selected
modes of evacuation; the mobility of the population in question; the size of fan1ily
groups; the distance to safety; barriers such as fences and bridges; and many other
factors . Although LlFESim does not exp licitl y use Excess Evac uation Time as a key
variable, the model calculates the required time for Par to receive warning, mobilize, and
move along evacuation routes towards safety. The model also dynamically checks the
stabi lity of evac uees, ei ther in vehic les or on foot, based on the floodin g conditions in
their location in the study area throughout the evacuation process. Therefore, the Excess
evacuation lime for a subPar is also dependent on the evacuation route as well as the
flooding conditions along the route.
For those who fail to evacuate, survival usually depends on the ability to reach
adequate shelter from the flood. Evacuation modeling provides a means of estimating the
number of people who are at diverse locations while in the process of evacuation when
they encounter flooding. Both emp irical and analytical approaches, including more
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complex methods such as transportation evacuation modeling, provide means of
estimating excess evacuation time and evacuation rates.
Lethality zones distinguish physical flood environments in which historical rates
of life loss have distinctly differed. McClelland and Bowles (2002) defined three
lethality zones: chance zones, compromised zones, and safe zones. Each lethality zone is
physically defined by the interplay between available shelter and local flood depths,
velocities, and debris. Figure 15 shows the fata lity rate probability distributions for each
of the three flood zones.
In chance zones, flood victims are typically swept downstream or trapped
underwater, and survival depends largely on chance; that is, the apparently random
occurrence of floating debris that can be clung to, getting washed to shore, or otherwise
finding refuge safely. The historical fatality rate in chance zones ranges from about 38
percent to I 00 percent as shown in Figure 15, with an average rate over 91 percent.
In compromised zones, the available shelter has been severely damaged by the
flood , increasing the exposure of flood victims to violent floodwaters. An example might
be when the front of a house is tom away, exposing the rooms inside to shoulder-high
flooding with fas t velocities. The hi storical fata lity rate in compromised zones ranges
from zero to abo ut 50 percent as shown in Figure 15, with an average rate near 12
percent.
Safe zones are typically dry, exposed to relatively quiescent floodwaters, or
exposed to shallow flooding unlikely to sweep people off their feet. Depending on the
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nature of the flood, examples might include the second floor of residences and sheltered
backwater regions. Fatality rate in safe zones is virtually zero as shown in Figure 15 .
Lethality zones are critical determinants of life-loss or fatality rates. Far more
peopl e di e in chance zones than in any other type of zone. By contrast, with or without
official warnings, people in safe zones are likely to survi ve. Generall y speaking, the type
of avai lab le shelter is more important than flow ve locities, and flow veloci ti es are more
important than flood depths when assigni ng lethality zones, but all three components
must be considered for their interaction.
There are two primary variab les that help to define the available shelter: Par type
(Pt) and loss of shelter (Ls). Par type categorizes a subPar by its physical env ironm ent.
Par type catego ri es include popul ati on centers with buildings, campgrounds, recreation
areas used for fishing or wa lking, automobi les, trains, and boats. Loss of shel ter
characterizes the extent to which damage to a building6 exposes the occupants to the fu ll
force of the flood. Loss of shelter is a parent set of lethality zones. For examp le, high
(total) loss of she lter produces a chance zone; medium (partial) loss of shelter will most
li kely produce a compromi sed zone, but safe zones or chance zones may ex ist at other
locations in the building or even on the same story; and low loss of shelter produces a
safe zone. Loss of shelter is a function of the durability and elevation of buildings as they
interact with fl ow depths, velocities, flow duration , and debris. Because on ly Tpari
experience lethality zones, lethality zones cannot be considered apart from evacuation.

6

Loss of shelter can be applied by analogy to outside shelter, such as trees and islands.
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Lethality Zones as Approximations of Homogeneous Base Units

A central goal of our hi storical life-loss research is to identify dominant variables
that have historicall y governed survival and life loss, and to derive empirical
relationships based on those variables that are useful for life-loss estimation. A
fundamenta l challenge in historical life-loss research is that there are relativel y few
populations at risk (Par) that have experienced flooding consistent with a dam failure, and
those that have often differ greatly with respect to those variables that dominate fatality
rate. The result is that the available sample size is sma ll, and it is taken from many
different populations in the statistically heterogeneous sense.
Lethality zones provide the means by which stati stical sampling can be improved.
By considering flood events at the level of lethality zones and the threatened
subpopulation at risk that remains after evacuation (Tpar;) we have transfonned 54
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heterogeneous flood events into approximately 250 homogeneous flood contexts. The
result is a substantial sample size representing each of the three types of lethality zones,
with each sample drawn from a relatively homogeneous population.
When lethality zones are truly homogeneous in every respect, they are cal led
homogeneous base units (HBUs). HBUs are an ideal construct that can only be
approximated, but which is useful for descriptive purposes. By analogy, three HBUs,
approximated by chance zones, compromised zones, and safe zones, are the basic flood
contexts from which fatality rate in flood events can be estimated, regardless of how
different two flood events appear on a macro scale. We cannot estimate the future
location and evacuation trajectory of individuals with certainty, but we can describe
reliab le patterns of behavior. Uncertainty is further reduced when life- loss estimates
based on probability density functions for each HBU are summed across a population at
risk, thus providing a form of averaging.
We approximate HBUs by dividing a population at risk into increasi ngly
homogeneous subunits. Isolating Par; by location promotes homogeneity on all levels .
Distinguishing Par; by Par type (Pt) minimizes differences in the physical environment.
Reducing Par; to Tpar; based on evacuation modeling isolates those who wi ll be present
in the HBUs at the time of the flood wave arrival. This significantly reduces differences
in temporal-spatial flood dynamics prior to application of life-loss functions. At the level
ofT par., we approximate HBUs by identifying flood zones and estimating flood-zone
densities, expressed as the number of people per lethality zone. It is important that
lethality zones are considered three-dimensiona lly, since in terms of fatality rate, the
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HBU on the second or third story of a building might be the same as the HBU in shallow
flooding near shore. Each lethali ty zone has a fatality rate probability density function as
shown in Figure 15.

Relationship Between Census Blocks and HBUs and subPar

LIFESim uses cells on a grid as the HBU or subPar. Attributes of buildings and
the subPar are obtained on a census block basis from HAZUS-MH and census data and
assumed to be spatially unifom1ly distributed over these larger geographic subdivisions to
obtain building and population characteristics for each grid cel l. Flooding attributes of
velocity and depth are linearly interpolated from the fl ood routing model resu lts for each
g ird ce ll. We are constrained to using the average estimates of building and population
characteristics by the availability ofG lS data at only the census block level. All
accessible building levels for each building type present in a census block are classified
into loss-of-shelter categories/flood zones in each cell of the grid. Thi s procedure allows
for the use of fatality rate probability di stributions, estimated from case histories, since
flooding conditions are defined on a sca le that is compatible with the definition of flood
lethality zo nes used to develop these empirical di stributions.
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CHAPTER IV
OVERALL MODEUNG SYSTEM

LIFESim is structured as a modular modeling system building such that each
module exchanges data with other modules through a database, which includes various
GIS layers.
The main simulation modules in UFESim are as follows:
I. Flood Routing mod ule.
2. Loss of shelter modul e, including prediction of structural performance.
3. Warning and evacuation mod ule, including a dynamic transportation
com ponent.
4. Loss of life module.
ln addition to these simulation modules, four other modules include two modules
for pre-processi ng HAZUS database and flood routing results, one module for postprocessing to develop the population tracking diagram, and one module for Uncertainty
Mode process ing. This chapter describes the use of model with respect to failure eventexposure scenarios and LlF ES im modes of operation. This chapter also summarizes the
fo ur main modules and the uncertainty module, including the role of each in the overall
modeling system. Chapter V describes the two data preparation modu les in details.
Chapters VI to VIII describe in deta ils the Loss of Shelter Module, Warning and
Evacuation Module, and Loss of Life Module, respectively. The simulation period for
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each LlFESim run should commence wi th the issuance of the first evacuation warning
and shou ld continue through the time of occurrence of the maximum peak of the
hydrograph at the most downstream consequence center that is considered.

Failure Event-Exposure Scenarios for Model Runs

LI FES im is designed to be appl ied to a set of failure event-exposure scenarios.
Events include different dam failure modes and locati ons and no-fa ilure spillway
discharge flooding cases. Examples of different fail ure modes could include, but are not
limited to the following: flood-overtopping; piping-seepage fai lure for a reservoi r poo l
elevati on below the dam crest; a sudden earthquake-induced dam fai lure due to
overtopping of the dam as a result of vertical crest settl ement; and a delayed earthquakeinduced dam fai lure due to seepage-erosion through displacement induced cracks (SEC).
For each failure mode the reservoir poo l elevation at the time of failure cou ld be set at
several different levels. Locations of dam fa ilure may include the main dam or sadd le
dams or a concrete gravity spi llway building and various locations in each. Floodinduced failure modes and no-fail ure cases can be considered for a range of different
inflow flood hydrographs routed through the reservoir and downstream.
Exposure cases can be defi ned to represent the effect of the timing of the dam
failure event throughout the day, during the working week and at weekends, and at
different seasons of the year. These variations affect the initial location and size of Par as
well as the effectiveness of the warning system and mobilization as a result of the
different activities that peop le are engaged. LIFESim includes a series of 12 times of the
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day that represent the variations in the population at risk, its activities, and its
responsiveness to different types of warnings throughout a 24-hour period, as described
in Chapter V. For variat ions due to the working week versus weekends and at different
seasons of the year the user must provide case-specific information.
Estimates of fatality rate from different failure event-exposure scenarios can be
incorporated into the consequences subtrees appended at the end of the failure mode
event trees in a dam failure risk model. This is illustrated in Figure 16 by the earthquake
event tree from the Hills Creek Dam Demonstration Risk Assessment (Bow les et al.,
2005). The first level of branching in the Earthquake event tree in Figure 16 represents
various intervals of Peak Ground Acceleration (PGA) (e.g., a 1- a2) and their
corresponding Annual Exceedance Probability (AEPs). The second leve l of branching in
the Earthquake event tree is for pool elevation at the time of an earthquake occurrence.
This type of loading is represented by a stage-duration relationship that is representative
of the operating conditions under which the risk assessment is being conducted. The
third level of branching represents the occurrence of liquefaction in the embankment and
foundation. The fourth level of branching represents the occurrence of slope instability as
a result of liquefaction and the associated loss of dam crest elevation. The fifth level of
branching is for occurrence of a SEC (seepage-erosion-through-cracks) failure. The final
level of branching is labeled "A" and is an example of the consequences subtree, which is
appended to the five-level failure mode event tree. [n this example of a consequences
subtree, 12 two-hour time-of-day fatality rate estimates would be needed and they could
be obtained from LIFESim. Each branch would be equally weighted using a factor of
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1/ 12. Additional levels of branchin g could be added between levels "5" and "A" for
season of the year and weekday and weekend day, for example; with weighting factors
assigned based on the lengths of the relative exposure periods represented by the
branches at each level. The amoun t of detail used would normally depend on the level of
detail of the risk assessment, but should be set to represent the life-loss risks with
sufficient accuracy for the decision for which risk model estimates are to be used.
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Each exposure scenario is weighted by the percentage of exposure time that it can
occur during the time that a particular failure mode could occur. Estimates of fatality rate
from different failure event-exposure scenarios from the Uncertainty Mode can be
combined into a single probability distribution through using the percentage of exposure
time weights, but such combined estimates must be used with caution to avoid
di sassoc iating fatality rate estimates with their failure event-exposure scenarios.

Flood Routing Period and Profile Selection

The characterization of the nooding event in LIFESirn depends on two factors.
The first factor is the choice of the nood routing period, which is shorter than or equal to
the si mulation period. The nooding routing period commences when the nood water
reaches the most upstream point in the study area and ends when the nood peak passes
the most downstream point in the study area. This duration allows for the estimation of
maximum building damage in the stud y area. Figure 17 is an example of displays the
period to be considered for LIFESim simulation. It shows the first water stage and
velocity profile selected at the "start" tim e of the first rise of stage at hydrograph at the
upstream end of the study area and the last profile se lected at the "end" time of the flood
peak at the downstream end of the study area.
The second factor is the selection of the number and timing of water stage and
now velocity profiles to represent the flooding event throughout the flood routing period
and throughout the study area. It depends on representing the stage, velocity and timing
characteristics of the flood wave using pi ecewise-linear segments of the stage and
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velocity hydrographs throughout the study area. Closely-spaced profiles, which can be
unequally spaced, should be used to represent rapidly-changing flooding characteristics.
The loss-of-shelter categories and flood lethality zones are assigned for each profile,
considered in seq uence, as percentages of subPar for each census block (in the Loss-ofShelter Module) and for each mode of evacuation for each road segment (in the Warning
and Evacuati on Module), and these are linearly interpolated between the timing of
successive profiles at the computational time steps used in the Warning and Evacuation
Module. Therefore, the number of and timing of profiles affects the resolution of model
results because smaller time intervals between profiles more accurately capture the flood
wave spati al and temporal characteristics. However, shorter spacing increases the time
required to run the model. Therefore, a mix of short and long intervals should be se lected
to represent reasonably accurate the flood wave characteristics throughout the flood
routing period and throughout the study area whil e minimizing the number of profiles.
This is illustrated in Figure 17 for a simplified case in which the longitudinal; stage
hydrographs are show for only the upstream and downstream boundaries of the study
area; whereas a real case should consider intermediate locations throughout the study
area. Profile spacing is shown to accurately represent, using piecewi se- linear segments,
the rapid ly rising and smother parts of the upstream and downstream longitudinal stage
hydro graphs. As the flood wave moves downstream and becomes more attenuated, it is
possible to increase the time interval between selected profiles without affecting the
resolution .
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Selection of Warning and Evacuation Computational Time Step

The selection of the time step used in the Warning and Evacuation Module
depends main ly on the available time of evacuation before flood arrival and the rate fo
change of spatial and temporal flooding characteristics, wh ich are rapid for dam break
floods, but much less rapid for no-failure floods. As described in the previous subsection,
the Joss-of-shelter categories and flood lethality zones assigned as percentages of subPar
for each census block and for each mode of evacuation for each road segment are linearly
interpolated between the timing of successive profiles at the computational time steps
used in the Warning and Evacuation Module. This interpolation commences at the start of
the evacuation process at the time of issuance of the fi rst warning, which might be before
or after dam failure.
Ln case of sudden failure when there is not enough time for evacuation and the
flooding conditions change rapidly, the time step should take the default value of one
minute. Ln cases of delayed failure, when evacuation occurs long time before flood
arrival , the length of the time step might take larger values (i.e. 5- 10 minutes). The
proper selection of time step for warning and evacuation affects the precision of model
resu lts but also significantly affects model run time.

Selection of Shelter Locations

The locations of emergency shelters are defined by the user. As used in LIFESim,
emergency shelters define the destinations for the evacuating population and thus they
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need not be emergency shelters, per se. They could be an exit from the flooding area or
some other location on higher ground. Shelters can also be inside flooding area on islands
or in buildings that are considered to be capable of withstanding the anticipated flooding
and designated as evacuation destinations. Therefore, the locations defined in LIFESim
for emergency shelters are an important aspect of obtaining reasonable simulation results.
As illustrated in Chapter IX, different shelter locations can be considered using
LIFESim to evaluate alternative evacuation strategies. A number of trials for shelter
locations should be conducted in order to better distribute the flow of traffic throughout
the area and minimize jamming time, and avoid the areas where road blocking occurs in
the process. Where possible, shelters should not be located where evacuees must cross
bridges over water ways or travel along low elevation roads.
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Figure 17. Illustration of the flood routing period and stage and velocity profiles for a
LIF ESim simulation.
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LIFESim does not assign maximum capacity to evacuation shelters because the
focus is on their immediate role as destinations rather than considering their role in
providing a temporary pl ace to stay.

LIFESim Modes of Operation

Two modes of operation are impl emented in the Full Version o f LIFESi m: the
Detem1inistic, and Uncertainty Modes. The Deterministic Mode uses the best estimate
values for inputs to all modules and produces single-value outputs. The Determini st ic
Mode resu lts are useful for examining the interplay between simulation variables for a
specific Failure Event-Exposure Scenario. The Uncertai nty Mode uses model parameters
uncertainti es and input uncertainties to the model to provide estimates of uncertainti es in
the fa tality rate estimates and other output variab les, presented as probability
distributions. These probabili stic est imates of fatality rate can be used in dam safety risk
assessment, such that the estimation errors associated with life loss and other risk
assessment inputs are represented in risk assessment results, including evaluations agai nst
tolerable ri sk guidelines, as illustrated by Chauhan and Bowles (2001 and 2003). Both the
Deterministic and Uncertainty Modes are designed to be applied to a set of failure eventexposure scenarios.
A second version of LfFESim, the Simplified Version, is bei ng developed for
making prelimi nary estimates of life loss. For sett ings that are adequately represented, the
Simpl ifi ed Version will provide li fe-loss estimates for a lower level of effort than needed
for the Full Version, although with greater uncertainties. However, provided that GIS
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data sources are readily avai lable, the level of effort needed for implementing the Full
Version is not considered to be unreasonable. The Uncertainty Mode is a potential source
of synthetic database for various representative fai lure event-exposure scenarios for a
range of dam types and downstream settings. Consideration is being given to usi ng such
a database in future work to improve the "empirical" basis for the Simplified Version.

Flood Routing Module

Dam break model ing and flood ro uting is the first step in estimation of fatality
rate. Ex isting models are used for this step and therefore they are considered as an
ex terna l module. As shown in Figures 18 and 19, flood routing results fro m a model such
as DAMBRK, FLDWAV, MIKE II, MIKE 2 1, MIKE FLOOD, or 1-IEC-RAS are
transferred to a GJS in the fom1 of a set of grids representing water depth and flow
veloci ty throughout the study area and over a time period that covers the passage of the
dam break flood wave through the study area. A no-failure flood wave is also considered
in the case of flood-induced failures. C urrently, the modeling system is only developed
for the DAMBRK and HEC-RAS models, but adaptati on to other dam break and flood
ro uting models should not be di fficu lt. An advantage of using HEC-RAS is that it outputs
lateral flow velocity distributions for each cross section. This would be expected to make
LIFESim estimates of building damage and vehicl e and human stability, which are the
basis for loss-of-shelter categories, more accurate. Flood wave characteristics are used for
the entire hydro graph up though its peak at each cross section, which represent the worst
loss of shelter case for buildings, people and vehicles.
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Loss of Shelter Module

The Loss of Shelter Module categorizes levels in different building types in each
subPar area into one of three different Loss-of-shelter categories as flood conditions
change through the flood event. The loss-of-shelter catego ries, with correspond ing flood
zones, are described in greater detail s in Chapter VI. Loss-of-shelter categories for
buildings are defined according to the damage caused by flood water. The basic factors
that affect loss of shelter are :
I. Type of building.
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2. Number of levels in the build ing.
3. Water depth.
4. Flow velocity.
5. Nature of debri s flow.
The ftrst two factors are attributes of the building itself. Various studies of the
performance of buildings in floods have showed that ranges of depth and velocity
conditions can lead to partial or complete destruction of a building. The range of depth
and velocity depends on the type of construction as well as the number of stories. Heavy
buildings, such as masonry or concrete, have a higher resistance to destruction or
floatation in a fl ood than li ghtl y constmcted wood buildings. Buildings that are anchored
to thei r fo undations have a higher resistance than unanchored buildin gs. The criteria for
structural damage are discussed in detail in Chapter II.

In addition to damage to the building, water depth and veloci ty determine the
loss-of-shelter category by submergence of some or all levels of the building, although
the building may not be destroyed, and by the ex istence of toppling conditi ons for
humans in a partially-damaged building. Submergence is defined as a water level inside
the building that makes survival very unlikely. Unlik e structural damage, which is
defi ned as a state that applies to the building as a who le, submergence is defined for each
level of the building separately. Therefore, loss of shelter is categori zed separately for
each leve l of each building type in each sub Par based on the combination of the damage
state, defined by depth-velocity-damage relationships, submergence, and human stability
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relationships. Debris in flood water can have a damaging effect of buildings, vehicles,
and people. However, the effects of debris are not explicitly considered in LIFESim.
The Uncertainty Mode for thi s module uses probability distributions for building
damage criteria and human stability criteria as inputs. Future versions of this mode will
include other inputs such as building types and heights distributions and submergence
criteria.

Warning and Evacuation Module

One of the most important factors in the calculation of expected fatality rate is the
location of the existing populati on at the time when the flood arrives. Usually, when time
pern1its, people will attempt to evacuate the Oood zone before flood arrival in response to
official or unofficial warnings. This module redistributes the population at ri sk from its
original spatial distribution at the time that the warning is issued, through the simulation
period, to a new distribution in buildings or in the evacuation process at the time that the
flood wave arrives.
The effectiveness of evacuation depends on many factors such as warning
effectiveness, age distribution, avai labi lity of time, and the available evacuation routes.
Evacuati on can be laterally away from the inundation area by means of vehic le or on
foot, or it can be a vertical relocation in a building or other types of shelter, such as trees
or islands. The choice can affect the fatality rate because of the different speed of
movement and redistribution of the population over time.
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Figure 20 portrays time lines associated with a typical process of warning and
evacuation for the following three types of three types of organizational entities that are
involved in dam failure and emergency response:
I. The dam owner/operator.
2. Each emergency management area (EMAj).
3. Each subPar (Pari) within each EMAj.
A stage hydrograph is shown for the first subPar (Par 1J) in Figure 20 to represent
the arrival of flood wave at various locations in the subPar.
The process starts at the dam with the development of a failure mode or a
prediction that a dam failure is likely to occur as the result of an observed condition, such
as significant seepage containing fines , or a forecast condition such as a major inflow
event that is projected to overtop the dam. The owner is responsible for detecting the
failure mode at the dam and notifying the responsible governmental agencies, such as
local emergency managers and the police. Between the steps of detection and
notification , there would also be a decision to notify the authorities. In some cases, a
failure mode may not be detected by the owner or operator's representatives. In such
cases the failure mode, whether an incipient condition or already in progress, may be
reported directly to the authorities by a member of the public who happens to observe it
at the dam or the resulting flood wave downstream. Figure 20 shows failure taking place
after notification. However, as mentioned above, this is not always the case. Failure can
occur at any time before, after, or in between the steps of decision to notify and
notification.
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The notification of the dam failure or expected failure is forwarded to emergency
mangers along the flood path and they are responsible for issuing warnings to the
population at risk (Par) within their jurisdiction. In the model the Par is divided into
small areas, represented by grid cells and summarized by census blocks, and referred to
as subPar;. People who receive the warning, and who are willing to evacuate, prepare for
evacuation and choose their mode of evacuation. The lateral movement of people who are
attempti ng to leave the area that is about to be inundated is represented in UFESim for
both vehicular and foot modes. Vehicular evacuation is divided between passenger cars
and sports utility vehicles (SUVs) as their stability criteria are different.

Figure 20.

Warning and evacuation timelines (Aboelata, Bowles, and McClelland,
2003).

93
Alternatively, they may decide to go upstairs in the same or a nearby building,
although LIFESim does not current ly represent people moving between buildings.
Moving upstairs is referred to as "vertical evacuation" to distinguish it from lateral
evacuation . The success of vertical evacuation will depend on how the building perfonns
under the imposed flood loading. Meanwhile, if the evacuation is taking place afler the
dam has failed , the flood wave is moving toward the people with the result that not all
population at risk might successfully clear the inundation area before they are trapped by
the floodwater.
In addition to the effects of the flood wave on buildings, which are described
above, LIFESim recategori zes peopl e who are in vehicles and on foot into a chance flood
zone if flooding conditions are suffi cient to lead to toppling of a vehicle or a person based
on cri teria that are presented in Chapter II . Beyond the time at which toppling occurs, no
further hori zontal evacuation is represented by the model because this is considered to
represent the end state needed to esti mate life loss or evacuation effectiveness.
For flood-induced fa ilures, staged warning and evacuation of areas referred to as
Emergency Planning Zones (EPZ) can be simulated for increasing magnitudes of
spill way discharges. This capability is useful for both failure and no-failure cases, where
the latter are needed to estimate incremental life loss.
Uncertainties of model parameters and inputs to the Warning and Evacuation
Module are of great importance and are a way of representing variations in the outcomes
of multiple decisions taken by evacuees, such as the decision to evacuate, the urgency of
complying with the evacuation orders, and the choice of an evacuation mode. The
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Uncertainty Mode uses probability distributions for model parameters such as human and
vehicle stability criteria, warning diffusion, and mobilization time, and model inputs such
as warn ing initiation time, time of day, and warning system as uncertain inputs. Future
version might include other parameters and inputs such as shelter or route selection.
Details of the evacuation routine and estimation of the population at risk are
discussed in Chapter VII.

Loss of Life Module

The final step is to calculate the estimated number of people who survive the
nood and those who lose their lives. Life loss is estimated using probability distributions
of fatality rates for each loss-of-shelter catego rylnood zone, developed by McClelland
and Bowles (2000), and model estimates of the spatial distribution of the population at
risk. Chapter VIII gives a detailed description of thi s module.

Uncertainty Mode

Life loss estimation process includes several sources of uncertainty. Two types of
uncertai nty sources are identified: model uncertai nty including model parameters, and
input uncertainty. Model uncertainty controls the govern ing equations and parameters of
the model such that the same inputs may produce different outputs based on the
variability in the model. Examples of model uncertainty include building damage criteria,
warning system effectiveness, and fatality rate probability. Input uncertainty includes the
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model inputs identified by the user or by experts. Some examples of input uncertainty are
time of day and warning issuance time.
The Uncertainty Mode of LlFESim displays estimated output uncertainty as
uncertainty bounds and probability distributions. The Uncertainty Mode utili zes the
Detem1inistic Mode modules of LfFESim. It also includes some additional components
for uncertainty data preprocessing, which generating sets of inputs and parameters based
on a predefined input and parameter uncertainty probability distributions for the number
of iterations required, and the iteration routine which uses the inputs generated to run the
Deterministic Mode modules iteratively, and aggregates outputs from all iterations to be
analyzed.
A multivariate regression analysis using software such as MAT LAB can be used
to study the explanation of the variance in LIFESim outputs by the variance in the
uncertain inputs and parameters. Such an analysis is not reported in this dissertation, but
it is suggested that it should be conducted for different warning issuance times, since the
relative importance of processes represented in LIFESim is expected to vary significantly
for cases where warnings are issued well ahead of a failure or following a fai lure. The
resulting insights are expected to be helpful to LJFESim users in deciding how much
effort to invest in refining various types of uncertain inputs and parameters. Jt is also
expected to be useful to emergency planners when suing LIFESim to evaluate alternative
evacuation approaches.
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Uncertainty Data Preparation Module
The function of this module is to generate sets of uncertainty inputs for other
modules. Based on the user's choice of modules to be used for uncertainty run, the
module generates groups of the inputs required. The module takes the number of
iterations required, and probability distributions for the selected uncertain inputs and uses
the @Risk Developer's Kit (RDK) developed by Palisade (2001) as the engine to
generate the required input sets. The RDK allows users to develop simulation models
using the standard @RJSK functions as well as output windows for graphs and tables.

Uncertainty Iteration Module
The process of uncertainty analysis requires the model to use inputs generated by
the Uncertainty Data Preparation Module and produce probability distributions for the
model outputs. This module, based on the number of iterations required, runs selected
modules in sequence such that all inputs are taken from the generated sets, and maintains
the data flow required. Final output of this model summarizes the results of the whole
process (building damage, evacuation process, and loss of life) in a tabular format ready
for statistical analysis.
Figure 21 shows the procedure followed for running Uncertainty Mode. The first
step is to prepare the Detem1inistic Mode inputs. Then, an input dialog, shown in Figure
22, collects infom1ation from the user about the required number of iterations and which
modules to run using uncertainty inputs. Based on the user's selections, uncertainty data
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for selected modules are generated and a number of loops equal to the selected number of
iterations are implemented and their outputs are stored for the statistical analysis.

LIFESim Outputs

Ll FESim is designed to produce outputs that fully describe the predicted
outcomes of the processes simulated. The outputs are displayed on GIS maps using
census blocks and road segments. Model outputs are illustrated in Chapter IX and include
the following GIS maps for outputs related to census blocks at the end of the simulation
period:
I. Fraction of Par receiving warning (Figure 48).
2. Fraction of Par mobi lized (Figure 49).
3. Fraction of Par remaining in buildings (Figure 50).
4. Fractions of Par cleared using each of the three evacuation modes (Figure 51).
5. Fraction ofPar surviving (Figure 55).
6. Fatality rates in buildings, cars, and SUVs, and as pedestrians (Figure 53).
7. Total fatality rate in buildings and evacuating (Figure 52).
The following list is for the LLFESim outputs related to road segments at the end
of the simulation period:
I. Number of people using each road segment to evacuate (Figure 56).
2. Time (in minutes) from warning issuance until road segments becomes
blocked (Figure 57).
3. Total duration (in minutes) when road segments are jammed (Figure 70).
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Figure 21 . Uncer1ainty Mode flowchar1.

99
4. Loss-of-shelter category for each evacuation mode (F igure 59).
The LOL Module also generates a Population Tracking Diagram (PTD), which
summari zes the results of a failure event-exposure scenario for the whole study area. The
diagram trac ks the initial Par for the stud y area through warning, mobilization,
transportation, and sheltering processes and produces a summary for the total number of
people who are estimated to clear the area, survive flooding, or lose their li ves .
Chapter IX also contains a sensitivity analysis for the Deterministic Mode and
Uncertainty Mode results. LIFESim stores al l outputs from successive sensitivity runs or
uncertainty iteration in a file format that can be used in a spreadsheet to produce the
figures shown in Chapter IX for the sensiti vi ty and Uncertainty Mode demonstrations.
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Figure 22. Input window for Uncertainty Data Preparation Module.
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CHAPTER V
DATA PREPARATION MODULES

Introduction

Data preparation for input to UFESim includes procedures that are manually
performed by the user as well as other procedures that are performed by LIFESim data
preparation modules. This chapter provides guidance for data preparation and identifies
the sources of all data used by LIFESim. The main data sets used in LIFESim are
available on the internet or from federal government agencies without charge for
locations in the United States. The use of a Geographic Information System (GIS)
facilitates the process of spatial data entry and serves as a database for data exchange
among modules.
Data requirements include the following:
I . Topographic data in the form of Digital Elevation Model (OEM). Other layers
that are not required but may enhance visual images include main features
such as rivers, lakes, and city boundaries in the form of GIS layers.
2. Census data including census blocks and roads as GIS layers .
3. Population data by census block.
4. Building data by census block.
There are three main sources of infom1ation as follows: census Tiger data (USDC,
2002), USGS Seamless Data Distribution System (USGS, 2005), and HAZUS-MH
database (FEMA, 2003). Census data is available on the intemet at
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http://www.census.gov. It contains the required GIS layers representing census blocks
and road network, and other layers, such as rivers and water bodies which can also be
down loaded to enhance map outputs. The Seamless Data DEM can be downloaded from
http://seamless.usgs.gov. Fina lly, the HAZUS-MH database contains population and
bui Iding data by census block. It can be obtained from the Federal Emergency
Management Agency (FEMA). The user has to download the Census data and DEM
manually. However, after preparing the study area map, the HAZUS Data Preparation
Module, one of the two data preparation modules, links directly to the HAZUS-MH
Database and extracts the required information automatically.
In addition, flood routing model results must be transferred to GIS from an
external model as discussed later in this chapter.
Data preparation modules include the HAZUS-MH Data Preparation Module
(HDP) and GIS Data Preparation Module (GDP). The first module performs operations
required to extract population and building information for the study area from the
HAZUS-MH database. The second module integrates flooding data, produced by an
external flood routing model , with the census blocks and roads to detern1ine the spatial
and temporal variation in flooding conditi ons. It also identifies evacuation routes for each
census block by finding the shortest routes to a shelter.

HDP Module Summary of Approach

The main function of this module is to connect to the extensive database provided
by HAZUS-MH and to extract the required population and building data. This module
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also develops warning diffusion curves for each selected time-of-day distribution based
on the number of people in each census block and a time-of-day activity distribution .
Outputs from this module include the estimates of the population classified by activities,
warning diffusion curves, and number of buildings in each building type and their
number of levels category.

HDP Module Ca lculation Procedure

As mentioned above, data preparation includes some steps that have to be done
manually and others that require minima l user intervention. Figure 23 is a flowchart for
all the procedures carried out by this module. The steps to be done manually are as
follows:

I. Create a project folder containing all modules ofLIFESim.
2. From the census data (http://www.census.gov), select the state and county
where the study area exists and download the census blocks and road layers,
plus any additional layers such as water bodies and hydrology, which are not
essential, but which can be used to enhance visual displays. If the study area
li es in more than one county, the user should download them separate ly and
merge the downloaded layers afterwards.
3. In Arc View GJS, load the downloaded layers and extract the study area from
the counties. At the option of the user, remove all extra census blocks that do
not intersect with the flooding area for the failure event to reduce simulation
time and to make outputs such as fatality rates a function of the flooding are
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instead of a larger study are that includes some population outside the
flooding area boundaries. Although road segments outside the flooding area
can be removed, it is important not to remove any that link the floodin g area
to emergency shelters and that could therefore be used for evacuation .
4. Create a layer for the shelter locations using points for each shel ter. Make sure
that each shelter has a unique ID and that the ID Field is selected as the label
field for the layer. Guidance on shelter locations is provided later in this
chapter.
5. Define the study area by drawing a rectangle-shaped graphic that includes all
the flooding boundaries for all the failure event scenarios and the locations of
all shelters and co nnect in g roads .
6. When using DAMBRK, or any other flood routing model that does not have a
GIS interface, generate a layer that includes the locations of all cross sections
used in the flood routing model. lfHEC- RAS is used, the cross sections are
imported automatically using HEC-GeoRAS ex tension . If flood routing model
is used in which the floodplain geometry is not developed directly from
GlS/ DEM, then great care should be taken to ensure that the locations and
orientations of cross sections defined in this step match those used in the flood
routing model and that the GIS/DEM is compatible with the source of
topography used to develop the routing model.
7. Download the DEM from the Seamless Data Distribution System
(http://seamless.usgs.gov) and import it into Arc View. Make sure that the
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projections used for the census data as well as the DEM data are the same.
Otherwise, use Arc View Projection Utility to unify the projections. Use the
rectangle drawn above in Step 3 to cut the downloaded DEM to the size of the
study area. This step is important to reduce the processing time.
8. If HEC-RAS is used, make sure that the simulation results are imported in the
same Arc View window where all other GIS data exist. The imported results
should comprise the cross section information along with the stage and
velocity profiles for all time intervals to be modeled in UFESim. Profile
selection is discussed in Chapter IV.
9. If DAMBRK is used, results are sorted by cross section from upstream to
downstream and profiles into a table of containing stage and average velocity
information ready to be read by this module.
10. The HAZUS-MH data are provided on compact disks classified by regions in
the United States. Select the disk that contains the required state and copy
"BNDRYGBS. mdb" and "MSH . mdb" into the project folder. However, parts
of the study area in different states must be considered in separate LlFESim
runs at this time.
Then, the HDP Module takes the prepared inputs and proceeds as follows:
I. The identification codes (ID's) of the selected census blocks are extracted to
query the HAZUS-MH database.
2. Select the time-of-day activity distributions, warning system type, and the
building damage criteria to be used in loss of shelter calculations.
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3. Population infom1ation by census block is extracted from 10 data fields

representing different activities. Then, based on Table 8 and Figure 24,
population numbers are adjusted for four major activities and throughout the
day using a 2-hour interval as described later in this chapter.
4. Based on the four major activity types, a set of warning diffusion curves is
created and combined to represent the warning process for each census block
according to its population activity distribution.
5. Building information inc luding their number, occupancy, type and number of
leve ls is extracted and exported for further processing in the calculation of
loss of life in buildings. A table is prepared including percentages of each
building type and number of level categories per census block.

Population Temporal Distribution

Variations of the number of peopl e within the nooded area throughout the day can
have a significant affect on loss of life. Moreover, the activities that people are engaged
in can affect the timing of warning receipt. Therefore, this module is designed to take into
account different times of the day distributions and esti mates the population involved in
activities that take place in the followin g four activity types: at home, outdoors,
working/shopping and in transit.
Population data are obtained from the HAZUS-MH database for the three time-ofday activity distributions. Table 8 provides the relationship to calculate the number of
people in each occupancy class by census tract and this is used in LIFESim on the census
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block level. These data are used in conjunction with the relationships in Table 8 to
estimate the number of people in each occupancy class for the three time-of-day activity
distributions. These distributions are as follows : 2:00am, representing night time; 2:00
pm, representing day time; and 5:00pm, representing comm uting time. The relationships
in Table 8 use the followin g variab les:
I. POP is the census tract population taken from census data stored in HAZUSMH database.
2. DRES is the daytime residential population inferred from census data
3. NRES is the nighttime residen tial population inferred from census data
4. COMM is the number of people commuting inferred from census data
5. COMW is the number of people employed in the commercial sector
6. INDW is the number of people employed in the industri al sector
7. GRADE is the number of students in grade schools (K-12)
8. COLLEGE is the number of students on college and university campuses in
the census tract
9. HOTEL is the number of peop le staying in hotels in the census tract
I 0. PRF!L is a factor representing the proportion of commuters using
automobiles, inferred from profile of the community (0.60 for dense urban,
0.80 for less dense urban or suburban, and 0.85 for rural). The HAZUS-MH
default value is 0.80.
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Figure 23. HAZUS-MH data preparation module fl owchart.
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II . VISIT is the number of regional residents who do not live in the study area,
visiting the census tract for shopping and entertainment. The HAZUS-MH
default value is zero.
Using the estimates obtai ned by app lying Table 8 to the HAZUS-M H population
data for the three HAZUS-MH time-of-day distributions and interpolating to obtain
estimates for every two-hour throughout a 24-hour period, popul ation estimates for each
of the four LlFESim Activity Types. The interpolation process uses the three time-of-day
distributions in HAZUS-MH data as reference points and interpolates the points for each
2-hour period based on the slope of the shape of the distribution given in Figure 24. Table
9 shows the relationship between the HAZUS-MH occupancy classes in Tab le 8 and the
LIFESim Activity Types. Figure 25 shows the tim e-of-day distribution for the at home
activity, Curve A, and LlFESim estimated values, Curve B. The figure also shows the
locations three tim e-of- day activity distributions given by HAZUS-MH. Table I 0 shows
the interpolation procedure followed to determine the 2-hour interval estimates. The
symbols in Table I 0 refer to the curve and time of day. For example, A 10 refers to the
point on Curve A corresponding to I 0:00AM . The first column gives the time of day and
the second gives the formulations based on Curve A, the three reference points 8 2 , 8 14 ,
and 8 17 representing HAZUS-Ml-1 three points estimates. Although Figure 25 shows one
activity type, this methodology is applied to all acti vities the same way.
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Spatial Population Distribution

HAZUS-MH data include breakdowns by different types and number of levels of
residences, commerc ial buildings, industrial buildings and educational insti tution s. Table
I I shows the occupancy types as defined by HAZUS-MH database. The percentages of
number of level classes for residential buildings in HAZUS-MH are given as shown in
Table 12. However, the most important building characteristics for estimation of loss of
shelter in LlFESim are the building type, based on the construction materials, and
number of levels. Therefore, the summari zed outp ut from this module contains the
percentage of buildings for each type and number of levels by census block .
The number of people in each building is not exp licitly given in the HAZUS-MH
database. Some assumptions had to be made to distribute the estimated population among
different buildings. For example, single family dwellings (RES!) are considered one unit
while multi-family dwellings (RES3A-3F) are considered to have the average number of
units based on number of levels category as shown in Table 12. Another assumption is
also made such that the number of people in multi-family dwellings (RES3A-3F) is
equa ll y distri buted among all building levels.
As show n in Tabl e 8, HAZUS-MH population estimates are given for schools and
universities. However, HAZUS-MH building data includes a very small fraction of
schoo l and college buildings. Therefore, the module adds that educational instituti ons
population estimates to the working/shopping type as shown in Table 9.
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Table 8. HAZUS-MH population estimates for occupancy types and HAZUS-MH timeof-day scenarios (FEMA, 2003)
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Table 9. Mapping ofHAZUS-MH occupancy classes to LIFESim activity types
UFESim acti vity type
Residential-indoors asleep
Residential-indoors awake
Outdoors
Working/shopping

In transit

HAZUS occupancy class
Residential-indoors
Hotels-indoors
Residential-outdoors
Hotels-outdoors
Commercial-indoors
Commercial-outdoors
Industrial -indoors
industrial-outdoors
Education-indoors
Education-outdoors
Commuting-own car
Commuting-public transportation

Table I 0. LlFESim population estimates for time-of-day activity type distributions
Time of day
!2:00AM
2:00AM
4:00AM
6:00AM
8:00AM
!O:OOAM
12:00 PM
2:00PM
4:00PM
6:00PM
8:00PM
10:00 PM

Population fraction in LIF ESim Activity Types
B,
B2 = HAZUS-MH estimate
B,
B 14 + (B 14 - B,) * ((A• - A to)I(A,- A w)
B 14 + (B 14 - B, ) *((A, - Atoll( A.- A to)
B,.
B"
B" - HAZUS-MH estimate
B 14 + (B 17 - B 14 ) * 2 I 3
B 14 + (B 17 - B 14 ) * 4 I 3
B" + (B 1, - B 2) * ((A 20 - A 14 )1(A 22 - A 14)
B 14 + (B 1, - B 2) * ((A 22 - A 14)I(A 2 - A 14)
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Table II. HAZUS-MH building occupancy types (FEMA, 2003)
RES I
RES2
RES3
RES3A
RES3B
RES3C
RES 3D
RES3E
RES3F
RES4
RES5
RES6
COM I
COM2
COM3
COM4
COM5
COM6
COM7
COM8
COM9
COM IO
IND I
IND2
IND3
IND4
INDS
IND6
AGRI
RELI
GO VI
GOV2
EDUI
EDU2

Single Family Dwelling
Mobile Home
Multi Family Dwelling
Multi Family DwellingMulti Family Dwelling Multi Family Dwelling Multi Family Dwelling Multi Family Dwelling Multi Family Dwelling Temporary Lodging
Institutional Dormitory

Duplex
3-4 Units
5-9 Units
10- 19 Units
20-49 Units
50+ Units

Nursing Home

Retail Trade
Wholesale Trade
Personal and Repair Services

Business/Professionalffechnical
Depository Institutions
Hospital
Medical Office/Clinic
Entertainment & Recreation
Theaters
Parking
Heavy Industries
Light Industries
Food/Drugs/Chemicals
Metals/Minerals Processing
High Technology
Consnuctio n
Agriculture
Church/Membership Organizations
General Services
Emergency Response
Schools/ Libraries

Colleges/Universities
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Table 12. HAZUS-MH occupancy types and building number of levels categories
(FEMA, 2003)
Occupancy class
RES I
RES I
RES I
RES I
RES3
RES3
RES3

Number of levels category
1 story
2 story
3 story
Split Level
I - 2 story
3-4 story
5 + stories

Number of Fami ly Units
(Range and default value)
1 (I)
I (1)
I (I)
I (I)
2-9 (5.5)
10-1 9 (14.5)
20-49 (34.5)

GDP Module Summarv of Approach

The GIS Data Preparation module captures flooding characteristics rrom an
external flood routing model and assi gns them in LIFESim to the census blocks and roads
where the population is assi gned to loss-of-shelter categori es/flood zone and loss of life is
estimated. The process of modeli ng water depth and velocity is an external process
performed using ready-made software such as DAMBRK or HEC-RAS/GeoRAS. These
models can sufficiently produce a spatial description of inundation in the study area and
throughout the duration of the flooding event. The transfer of results can be done either
manually, in case ofDAMBRK, or automatically using HEC-GeoRAS.
Procedures carried out in this module include preparation of data for other
modules. For example, it gets water depth and velocity ready for the calculation of
damage to building and loss of shelter. This module also finds the evacuation routes and
summarizes water depth and flow velocity along these routes for the estimation of the
stability of vehicles and pedestrians. The follow ing section describes the processes
catTied out by this module and Figure 26 is a flowchart for the module.
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GOP Module Calculation Procedure

The following section describes the procedure implemented in this module. The
first four steps need user input to identify GIS layers and flooding data files. Then, the
module proceeds automatically with the rest of the steps.
1. Identify input data layers in GIS such as river cross sections, census blocks,
OEM, Roads, and evacuation shelters.
2. Identify the source of inundation data (DAMBRK or HEC-RAS).
3. Select inundation profi les (time steps) to use. Selection of time steps and the
length considered for UFESim is di scussed later in thi s chapter.
4. ln case ofOAMBRK, import stage and velocity data and link them to cross
sections. 1n case ofHEC-RAS, select the set of water surface stage and
velocity profiles representing the nooding event.
5. Us ing Arc View Spatial Analyst Extension, generate water surface stage for
each profile by interpolating stage values at each cross section. The
interpolation process is done automatically using the soft break lines
interpolation method.
6. Generate water depth grids by intersecting the water surface stages generated
in the previous step with the ground elevations in DEM.
7. Generate flow velocity grids for each profile by using the same interpolation
method as above.
8. Find census block centroids.
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9. Find the shortest route from each census block centroid to the closest shelter
through the road network .
10. Divide the evacuation routes into segments based on road classifications and
intersections as defined in census data.
II . For each road segment, find the center point at the middle of the segment as a
representative point for road condition (water depth and velocity) .
12. For each point, find water depth and flow velocity throughout the flood event.
13. Ex port depth and velocity grids, and evacuation routes data in the fonnat
required by other modules.
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Figure 26. GIS Data Preparation Modu le flowchart .
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CHAPTER VI
LOSS OF SHELTER MODULE

Summary of Approach

The loss of shelter module categori zes buildings, which peopl e might use for
protection from the effects of flooding, into one of three flood zone categories that are
used as for estimation of fatality rates. Figure 27 summarizes the approach that is applied
to each building level, including basements, where they exist, and roofs, where they are
accessible. Buildings are classified based on type, representing the main materials used
and type of construction, and height, represented through the number of levels in the
building. Buildings located within each census block are assumed to be unifonnly
distributed throughout each census block , and calculations at all the cells on a grid
generated in the GIS using spatially-interpolated water depth and flow veloc ity profiles
fonn the basis for calculations of loss of shelter for each building and level type in each
cell. Appendix I provides a discussion on the effect of changing grid cell si ze on
precision in the estimates of the percent of buildings in each loss-of-shel ter category.
As shown in Figure 27, a two-step approach is considered in developing thi s
Module. The first step categorizes damage to the building as a whole caused by
floodwater based on the depth of floodwater and the flow velocity. Depth of water is
ca lculated based on the location of a building. Flow velocity assignment to building
location is based on the flood routing model that is used. Some models can give lateral
velocity distribution along each cross section whi le others give only averaged overa ll
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value or averaged stream and overbank value. The second step calculates the
submergence for each level of the building based on pre-defined submergence depths that
are described in detail later in this chapter. This results in the loss-of-shelter category at
each cell for each level in each building type and height category that mi ght exist in the
cell. The classifications are presented as percentages of floor area assigned to each lossof-shelter category and flood zone category for up to five building types, each having up
to four levels, in each subPar (census block). The estimates are therefore an attribute of
the subPar. They are not available at any higher level of resolution than an average for
the entire subPar area, although in their calculation, they use information on depth of
flooding at a grid cell level of reso luti on and not subPar average depths.
The number of buildings in each census block is obtained from the HAZUS-MH
data categorized into the different building types and numbers of levels. The loss of
shelter and flood zone categories, expressed as percentages as described in the previous
paragraph, are applied to the number of buildings in each building type under the
assumption that the buildings are unifonnly distributed throughout the subPar area.

Calculation Procedure

The calculation procedure for the Loss of Shelter Module runs automatically as
summarized by the following steps and in the flowchart shown in Figure 28:
I. Read depth and velocity grids for the first time step, which were prepared by
the GLS Data Preparation (GOP) Module described in Chapter V.
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2. Calculate building damage state by grid cell for each building type and height.
Damage state could be none or negligible, partial, or total damage as
described later in this chapter.
3. Calculate submergence state by level. A building level is classified as
submerged only if the water level exceeds its submergence cri teria.
4. Use building damage and submergence states from steps 3) and 4) to assign
loss-of-shelter categories and following the approach in Figure 27 to each at
grid cell by building type, height, and level.
5. Save grids of areas in each Joss-o f-shelter category as a separate grid for each
combination of building type, height , and level.
6. Loop to the next tim e step using the damage state from the previous tim e step
as the initial state for the following time step. Damage to buildings is
considered irreversible while submergence is reversible. Therefore, Joss of
shelter is considered to be irreversible.
7. Ca lcu late a summary for the loss-of-shelter categories per census block for all
building types, heights, and levels. This summary includes the area under each
subPar that is assigned to each Joss-of-shelter category for each building type,
height, and level.
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Figure 27. Assignment of flood zones for building levels.
Limitations

The following is a li st of limitations of the Loss of shelter Module. Some
limitations result from data availability and others result from modeling simplifications or
programming limitations:
I. Loss of shelter ca lcul ation has several uncertainties due to th e wide variations
within each building type due to differences in construction details. An
example is bolting frame buildings to their foundations. This and other
important considerations the predicting building performance in floods can
perhaps be related to building age and the building codes in effect at the time
of construction.
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2. The LOS Module categorizes buildings that are separated from their
foundations and floating in a chance loss-of-shelter category. However, these
bui !dings might stay intact and provide a compromised shelter.
3. Another factor for estim ating the partial damage and subm ergence to
buildings is the area of windows. Thi s module assumes that the water level
in side the building is equal to the flood level outside. However, Kelman
(2002) studied the damage to windows by flood water and concluded that the
damage state is directly related to water depth above the window sill, the
window size, and the glass thickness. However, the size and type o f windows
vary greatly and inform ation on thi s is not included in the HAZUS- MH
building database.
4. Another limitation from Visual Basic is that the size of the DEM grid must not
exceed I ,600 x I ,600 cell s. This limitation arises from the multi -level anal ysis
carried out in this Loss of Shelter module as a result of using multiple types of
building, multiple height categories, analysis for each level separately, and the
multiple loss-of-shelter categories. Further enhancements to the module
might make it possible to increase the size of study area. Meanwhile, this
limitation cou ld be manipu lated by increasing the cell size in the DEM and,
therefore, it cou ld have a smaller number of cells that fits withi n thi s
limitation. The effect of increasing grid cell size ofloss of shelter resu lts is
discussed in Appendix I.

123
Building Perfonnance

Building perfom1ance in noodwater depends on several factors related to the
building itself as well as nood characteristics. Several studies concluded different results
regarding stability of buildings in noodwater. However, most of the studies concluded
that building stability is a function of building type and height, noodwater depth, and
now velocity. Details of the

buildin~

damage studies can be found in Chapter II. It

should be noted that the calculations of building damage are done for the time steps at
which stage-velocity profiles are imported from the nood routing model. Loss of shelter
is calculated for each time step taking into that shelters lost in earlier time steps cannot be
restored later such that the process is irreversible. The calcu lati on assumes that all
building types and number of level categories exist in every grid cell within the census
block in which they are listed in the HAZUS-MH data. The LOS Module creates a file
containing the number of grid cells in each loss-of-shelter category at each level for each
building type and number of levels category combination .

Building types
ln the previous studies, buildings are classified according to construction material as well

as constmction technique. Some studies also classify buildings based on anchoring to the
foundation . The types of buildings used in LIFESim are identical to those defined in
HAZUS-MH, and are as follows:
I. Wood

2. Concrete
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Figure 28. Loss-of-Shelter Module flowchart.
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3. Steel
4. Masonry
5. Manufactured buildings and mobile homes

Buildin g damage states
Damage to buildings is categorized into one of the following four damage states:
I. None:

o flooding and therefore no building damage

2. Negli gib le: only minor damages to the building such that it can still function
as a safe haven .
3. Partial: broken windows or knocked down wa lls, but not com pl etely
destroyed.
4. Total: complete destruction to the building

Submergence
Loss of shelter by submergence is the second component in the estimation of lossof-she lter category at each grid cell. Submergence is defined as a water level inside the
building that makes it impossible to people to survive even by standing on furniture.
Figure 29 shows an example for the submergence levels for each level of the building. A
leve l of a building is any place where people may ex ist and includes basements and roofs.
For basements, submergence is considered to occur for any water level above the ground
surface. The first floor level is a user input whi le the leve ls of other floors are estimated
based on the first floor level and a standard floor height. The LOS Module combines the
"None" and the "Negligible" dan1age with no submergence in a single loss-of-shelter
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category. This action reduced the sim ul ation time. Thi s does not significantly affect the
estimated life loss as a result of the ex tremely low fatality rates in the Low loss-of-shelter
category/Safe zone. However, it is recommended that the "None" and "Negli gi ble"
categories should be separated in future upd ates of LIFESim .
Special Case

Parti al Building Damage: In case of partial building damage,

flood water can move into the building through a knocked down wall or window. People
inside the building are exposed to a flow of water that might be capable of sweeping them
o ut of the bu ilding into U1e open flood. A discussion about the stability of humans in
fl ood water is located at Chapter II. Loss-of-shelter category is decided in this case based
on water depth and velocity inside each level in the building. Fi gure 27 shows that lossof-she lter category in parti all y-damaged buil dings depends on the water depth in
partially-submerged levels compared to human stabil ity criteri a.

Uncertainty Mode for LOS Modul e

The Uncertainty Mode uses probability distributions for the bui !ding performance
curves. These curves use either the USACE curves (USACE, 1985) or RESCDAM
curves (RESCDAM, 2000) as best estimate values, and sets upper and lower limits by
app lying a percentage increase or decrease in the depth and velocity cri teria as shown in
th e example in Figures 30, 31. ln thi s example, the upper limit is assumed to have a 43%
increase in the d*v value while the lower limit has a 15% reduction . These values are
mostly based on the comparison of di fferent building damage criteria. Future version of
thi s module w ill include other inputs such as submergence cri teri a, which is also
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important to include because of the variation in the elevations of the first Ooor level for
each building as well as variations in level heights.
The Uncertainty Mode uses a triangular distribution for the damage criteria as
shown in Figures 30 and 31 . The cu rves are governed by the value of(d*v 2) or (d*v) in
case of US ACE or RESCDAM criteria, respectively.

Submer ence Criteria for roof

26.
Submer ence Criteria for 2IMI floor

17

2nd fl oor level
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8
1Sl floor level

Basemenl

''

--------------------·
Figure 29. Default submergence criteria.
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CHAPTER VII
WARNING AND EVACUATION MODULE

Summary of Approach

The principal purpose of the Warning and Evacuation (WE) Module in UFESim
is to estimate the number of people exposed to flood water so that fatality rates can be
app li ed to them based on the loss-of-shelter category for the location that this module
predicts they will be in. The warning and evacuation process follows the time lines
shown in Figure 20. The process may start at the detection of failure and notification by
the dam owner or operator to an emergency management agency, which is responsible to
warn the public. The warning process tak es time to reach all the targeted population at
risk based on the efficiency of the warning system used in the study area for the time of
day, considering the activities that people would be engaged in at the time when the
warning takes place.
The WE module is divided into four main components: warning, mobili zation,
evacuation-transportation, and high-rise building evacuation. The module initiates by
ca lcul ating the number of warned Par over time for the entire user-defined s imulation
period to fully represent all activities carried out during the warning and evacuation
process. Some people will receive the warning directly from whatever system the
emergency management agency uses, but others will receive it from secondary sources,
such as from neighbors, or because they observe unusual evacuation activity taking place.
At present LIFESim does not include the warning effects of sensory clues, such as the
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sound of the approaching flood wave. lfthe st udy area is divided into severa l emergency
planning zones (EPZ), the start of the warning and evacuation process may take pl ace
separately for each EPZ.
People who are warned and willing to comply with the evacuation order get ready
to mobilize, or leave the location in which they received the warning. Mobili zation time
vari es based on many factors such as age of evacuees, time of day, and the urgency and
credibi li ty of the evacuation order. However, these facto rs are not included in the current
version of the LIFESim. A decision is also taken at this point to choose the means of
evacuation. Three modes of evacuat ion are distinguished in thi s module, as follows: using
cars, sport utility vehicles (SUVs) and by foot However, some peop le may choose to go
verticall y in the building they are in or any nearby building that they think it might be
safer for them to shelter in . The current version of LIFESim does not represent
redistribution of Par amongst buildings. Finall y, people who did not receive the warning,
or who did not have enough time to mobilize, are considered as the "Stay behind" group.
Among the "stay behind" group are the people in high-rise buildings who prefer to go
upstairs. This module can represent people on different levels in high-rise buildings goi ng
upsta irs or going downstairs and leaving the building. The user must specify which levels
in the building evacuate in the upwards or downwards directions; thi s cannot be changed
during the simu lation.
The final step in the warning and evacuation process is the movement of people
towards and across the inundation area boundaries. The time required for clearance of
the inundation area varies based on the di stance to be covered and the speed of
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movement. An evacuation transportation model component is incorporated into the WE
Module to represent the dynamic nature of traffic flows during a rapid evacuation and the
effects of traffic jams. In case of high-rise building evacuation, the speed of going
downstairs is governed by the number of evacuees as well as the width of emergency
staircases.
The WE module classi lies Par as follows in each computational time step:
I. Warned: the fraction of Par receiving a warning before flood arrival ,
2. Mobilized: fraction of Par starting to move on road segments towards shelters,
3. Stay behind: fraction of Par which has not mobilized.
4. Cleared: fraction of Par reaching emergency shelters.
5. Trapped: fraction of Par which has mobili zed but which are exposed to
flooding that exceeds car instability criteria if their evacuation mode is
vehicles (cars and SUVs), or that exceeds pedestrian instability criteria if they
are evacuating on foot.

Module Assumptions

Modeling traffic flow in evacuation is a complex process. The influence of
human decisions in an emergency situation is critical. However, to facilitate the
simulation, some assumptions were made. The following is a list of these assumptions
and their expected effects on the model results:
I. Warning in high-rise buildings is represented different depending on whether
the building is a residential or commercial building. Residential apartments
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are assigned a warning propagation curve based on the warning system used
in the study area while commercial occupants are assumed to receive the
warning instantly at the time of warning issuance.
2. Occupants of high-ri se buildings are directed by means of an internal
emergency broadcast system to evacuate such that some higher levels
occupants may be directed to move upstairs and remain in the building.
3. Roads are not occupied at the start of the evacuation-transportation process.
With tllis assumption, all road segments start empty with the free flow speed
as the initial speed. However, people classified as " in transit" at the time-ofday are assumed to receive the warning based on the warning system
distribution for the in -t rans it activity group, even though they are not
considered to be initi ally located in any road segments.
4. The distance to be traveled by evacuees is based on a technique that finds the
closest shelter from each census block centroid assuming that evacuation
orders are given clearly for people to go to the closest shelter.
5. People take the shortest route towards their nearest shelter.
6. The number of vehicles evacuating is estimated by dividing the number of
evacuees by a given Vehicle Occupancy Rate (VOR) which is user input to
the model.
7. Traffic jams occur when the number of vehicles on a road segmen t exceeds
the jam density for that segment. A user-defined stop-and-go speed is used
for road segments that are jammed.
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8. Mobilization cannot take place once the closest road segment to census block
centroids is classified as "blocked" and therefore closed to incoming traffic
even if the water recedes because vehic les will almost certainly not work afler
being flooded or the road segment might be washed away as a result of
flooding.
9. Once in their shelter, evacuees are considered "cleared" and therefore not
included in the calcu lati on of loss of life.

Calculation Procedure

The calcu lation procedure for the Warning and Evacuation Module is summarized
by the following steps, which are carried out au tomatically by the WE Module, and in th e
flowchart shown in Figure 32:
I. Import road segments on evacuation routes from the road network given in
GIS. The distance to safety is calculated for each census block as the distance
from the census block centroid to the nearest shelter using the road network .
This step also identifies the evacuation route for each census block (this step
is done by the GOP Module).
2. Calcu late the percentage of the Par warned at the end of each time step based
of the warning dissemination curves generated earlier by the HAZUS-MH
data extraction module
3. Calculate the percentage of the Par mobilized at the end of each time step
based on the mobilization curve spec ific for each EPZ and the percentage
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already warned estimated in Step 3. Mobilization is also governed by the
stability conditions for vehicles on the first road segment on the evacuation
route for each census block. If the cars stability condition is exceeded, no
more mobilization is all owed .
4. People w ho mobilize are divided amongst the three horizontal evacuation
modes (cars, SUVs, and pedestrians) as evacuating groups. The percentage of
people who stay behind is estimated as those who do not mobilize.
5. For each census block, each evacuating group estimated in step 3 moves from
one road segment to the next based on their speed of movement on each road
segment. In the first computational time step this speed is the free fl ow speed
given in the TRB Hi ghway Capacity Manual (TRB, 2000) based on road class
as listed in Table 13. In subsequent time steps it is based on the density of
vehicles on each road segment, as represented in the modified Greenshield ' s
Model, along the evacuation route identified for each census block in step I.
6. Calculate the new location along the evacuation route, expressed as a road
segment, for each evacuating group at the end of each time step. A fraction of
a road segment or multip le road segments may be covered in each time step
calcu lated .
7. At the end of each time step, the number of vehicles on each road segment is
calculated as the total number of people on the road segment divided by the
Vehicle Occupancy Rate (VOR) and the traffic density for that segment is
calculated as the number of vehicles per lane per kilometer of the road
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segment. A new speed is calculated using the modified Greenshield's model
shown in Figure 35 for use in the next time step.
8. For each road segment in the inundation area, a flood zone category is
assigned for each evacuation mode based on its stability criteria as shown in
Figure 33. If a road segment is estimated to be unsafe for cars, then no
vehicles are simulated as entering it for the rest of the simulation period and
the road segment is considered blocked for incoming traffic. However, if the
pedestrian stability criterion is not exceeded, they can still enter a road
segment that is closed to vehicles.
9. Outputs, including the number of people who are estimated to be warned,
mobilized, and cleared using the three evacuation modes by census blocks, the
number of people on the roads and in buildings, and flood zone categories by
road segment, are exported as text files to be used by Loss-of-Life Module as
well as visual outputs on GIS for the final status of the warning and
evacuation process.

Limitations

The following limitations of the WE Module are due to data limitations from
availability and accessibi lity constraints, model simplifications, and programming
limitations due to assumptions:
I. Some assumptions were needed as a result of limiting the data used in
LIFESim to data available through the internet or free of charge from Federal
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agencies . For example, the model uses the main characteristics of road
segments such as length, number of lanes, and speed. However, other
characteristics such as lane width, shou lder width, and turning lanes are not
included because they require site-specifi c surveys. The model uses the G IS
data to get road segment length and the Census Feature C lassifi cation Code
(CFCC) to assign other characteristics based on that classification.
2. The model also assumes that traffic jams occur when the density of vehicles
on a road segment exceed its jam density. During that situation, the model
assumes that there will be very slow movement at a user-defined stop-and-go
speed, which has a default va lue of 5 mph, but that vehicles do not compl etely
stop . This assumption is used as an averaging process to faci litate the
simu lation procedure.

Warning Component

As mentioned above, warning is the first step in the warning and evacuation
process that is considered in this module. In the case of dam failure, warning initiation
time is defined as the time when a public warning is first issued relative to the time of
dam failure . It is considered to be positive if a warning is issued after dam fai lu re and
negative of the warning is issued before dam fai lure. ln the case of no-failure floods,
staged warnings may be issued to different EPZs as spillway discharges increase.
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An important relationship in the representation of the warning process is the
warning diffusion curve. This curve gives the cumulative percentage over time for Par
who receives the warning message.

Figure 32. Warning and Evacuation Module flowchart.
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Table 13. Road class characteri stics (Based on TRB, 2000)
Census
Feature
Class
Code
All
All
A13
A14
A 15
A16
Al7
A!8
A21
A22
A2 3
A24
A25
A26
A27
A28
A31
A32
A33
A34
A35

Census Feature Class Description
Primary road with limited access or interstate
highway, unsepa rated
Primary road with limited access or interstate
highway, unseparated, in tunnel
Primary road with limited access or interstate
hi ghway, unseparated, underpassing
Primary road with limi ted access or interstate
highway, unseparated, wi th rai l line in center
Primary road with limited access or intersta te
highwa y, separated
Primary road with limited access or interstate
highway, separated, in tunne l
Primary road with li mited access or interstate
highwa y, separated, underpass ing
Primary road with limited access or interstate
highway, separated, with rail line in center
Pr imary road without limited access, US
highways, unseparated
Primary road without limited access, US
highways, unseparated, in nmnel
Primary road without limited access, US
hi ghways, unseparated, underpassing
Primary road without limited access, US
highways, unseparated, with rai l line in center
Primary road withou t limjted access, US
highwa ys, sepa rated
Primary road without limited access, US
hi ghways, sepa rated, in tunnel
Primary road without limited access, US
highways, sepa rated, undel)lassing
Primary road without limited access, US
hig_~ ways, separated, wit h rail line in center
Secondary and connecting road, state
hi ghwa ys, unsepara ted
Secondary and connec ting road, state
hi ghways, unseparated, in tunnel
Secondary and connecting road, state
highways, unseparated, underpassing
Secondary and connecting road, state
highways, unseparated, wi th rail line in center
Secondary and connecting road, state
highwa ys, sepa rated

Number of
Free-flow Speed
Source:
Lanes /direction: (ffs): Range and
Page in
default va lues
Ra nge and
TRB (2000)
default va lues
(mph)
2-5 (3)

55-75 (65)

2-5 (3)

55-75 (65)

2-5 (3)

55-75 (65)

2-5 (3)

55-75 (65)

2-5 (3)

55-75 (65)

2-5 (3)

55-75 (65)

13-3,4,6

2-5 (3)

55-75 (65)

2-5 (3)

55-75 (65)

1-3 (2)

45-60 (50)

1-3 (2)

45-60 (50)

1-3 (2)

45-60 (50)

1-3 (2)

45-60 (50)

1-3 (2)

45-60 (50)

1-3 (2)

45-60 (50)

1-3 (2)

45-60 (50)

1-3 (2)

45-60 (50)

1-2 {I)

45-60 (50)

1-2 {I}

45-60 (50)

1-2 {I}

45-60 (50)

1-2 {I)

45-60 (50)

1-2 ( I)

45-60 (50)

12-1 ,4, 15
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Table 13. Continued
Census
Feature
Class Code

A36
A37
A38
A4 1
A42
A43
A44
A45
A46
A47
A48
A51
A 52
A 53
A60
A61
A62
A63

Census Feature Class Description

Secondary and cmmecting road, state highwa ys,
separated, in tunnel
Secondary and connecting road, state and county
highways, separated, underpassing
Secondary and connecting road, state and county
highway, separated , with rail line in center
Loca l, neighborhood , and rura l road, city street,
unseparated
Local, neighborhood, and rural road , city street,
unseparated, in tunnel
Local, ne ighborhood, and rural road, city street,
un sepa rated, underpassing
Loca l, neighborhood , and rural road, city street,
unseparated , with rail line in center
Local, neighborhood, and rural road, city street,
separated
Local, neighborhood , and rural road, city street,
separated, in tunnel
Loca l, neighborhood, and rural road, city stree t,
separated, underpassing
Loca l, neighborhood, and rural road, city street,
separated, with ra il line in ce nter
Vehi cular trai l, road passable only by 4WD
ve hicle, unseparated
Vehicular trail , road passable only by 4WD
vehi cle, unseparated, in tunnel
Vehicular trail, road passable only by 4WD
vehicle, unseparated, underpass ing
Specia l road feature, major ca tegory used when
the minor category cou ld not be determined
C ul-de-sac, the closed end of a road that forms a
loop or tum-around
Traffic circle, the portion of a road or
intersection of roads formi ng a roundabout
Access ramp, the portion of a road that forms a
cloverl eaf or limited access interchange

Number of
Lanes
Free-flow Speed
Source:
/direction: (ffs): Range and
Page in
Range and default va lues
TRB (2000)
default
(mph)
va lu es
1-2 (I)

45-60 (50)

1-2 ( I )

45-60 (50)

1-2 (I)

45-60 (50)

1-2 (I)

30-50 (35)

1-2 (I)

30-50 (35)

1-2 (I)

30-50 (35)

1-2 (I)

30-50 (35)

1-2 (I)

30-50 (35)

1-2 ( I)

30-50 (35)

1-2 ( I)

30-50 (35)

1-2 (I)

30-50 (35)

10-6,8,15 -3

1(1)

15-30 (25)

1(1)

15-30 (25)

I ( I)

15-30 (25)

1(1 )

10-25 (25)

I ( I)

10-25 (25)

1(1)

10-25 (25)

I ( I)

10-25 (25)
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Table I 3. Continued
Census
Feature
Class
Code

A64

A65

A70
A71
A72
A73

A74

Census Feature C lass Description

Service drive, the road or port ion of a road that
provides access to businesses, facilities, and
rest areas along a limited access highway; this
frontage road may intersect other roads and be
named
Ferry crossing, the represe ntation of a route
over water that connects roads on opposite
shores; used by ships carrying automobiles or
people
Other thoroughfare, major category used when
the minor category could not be detennined
Walkway or trail for pedestrians, usuall y
unnamed

Stairway, stepped road for pedestrians, usually

unnamed
Alley, road for se rvice veh icles, usuall y
unnamed, located at the rear of buildings and
property
Driveway or se rvice road, usually pri vatel y
owned and unnam ed, used as access to
res id ences, trailer parks, and apartment
complexes, or as access to logging areas, oil
ri .gs, ranches, farm s, and park lands

Flooding

Submergence
State

Number
of Lanes
/direction:
Range
and
default
values

Free-flow
Speed (ffs):
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Figure 33. Assignment of flood zones for vehicles and pedestrians.
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Different types of warning systems have different waming di ffusion curves. This
component uses a procedure proposed by Rogers and Sorensen (1988). This procedure
uses a general logistic model for the diffusion of emergency warnings for four single
warning system types and for two combined systems. Warning dissemination is
considered to comprise direct and indirect processes. The direct process occurs when
people receive the original waming through the official warning system, while the
indirect process occurs by the spreading of the warning message by contagion through
unofficial means such as people warning other people, or people seeing an evacuation
process in action. Parameters for the logistic model are based on limited data for the Bi g
Thompson Flood of 1997 (Gruntfest, 1977), the Fillmore Flood and Summer F lood
(Perry, Linde ll , and Greene, 1981 ), th e Mississauga chemical accid ent (Burton, 1981 ), a
nitric acid spill in Denver, Co lorado, and the Mt. Vernon, Washington, chem ical accid ent
(Perry and Mushkate1, 1986). All these emergency cases required rapid evacuat ion. Tab le
14 gives the values estimated for the model parameters to calculate the fraction of the
population warned at each time step in the first 30 minutes after warning issuance, using
the following equation from Rogers and Sorensen ( 1988), and as shown in Figure 7 for
several types of warning systems:

dn/dt = k (a 1 • a 1 f(N- n)) + ( I - k)(a2 n (N- n))

In which:
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k

=fraction of population alerted via the broadcast process (Tab le
14),

( 1-k)

=represents the fraction of people left to be warned,

a1

=effectiveness of the warning system (Table 14),

a 1f

=adjustment factor by location and activity (Table 15),

a2

=effectiveness of the contagion warning process (Table 14),

N

= fraction that the system is designed to warned in the first 30
minutes after issuance of the warning, also referred to in Table 14
as the 30-min limit, and,

n

= the fraction warned at the beginning of the time step .

The first term represents the direct warning process and the second tern1 the
indirect warning process. The procedure provides an estimate of a warning diffusion
curve based on the activities that people are engaged in at any time during the day, as
shown in Figure 24 and Table I 0, and combines it with relative to activities as shown in
Table 15
This equation is used to estimate the number of warned population directly by
official means and indirectly by contagion processes up to 30 minutes from the warning
issuance. After 30 minutes, warning is diffused at the warning system release rate shown
in Table 14. This method integrates the number of people doing certain activities with the
warning system type to produce the number of the warned population per activity group.
Then, all warned people from all activity groups are combined to produce the total
number of people warned at each census block at each time step.
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Mobili zati on Component

After receiving the warning message, people start to prepare for leavin g based on
the urgency depicted from the warning message. The rate of mobili zation is described in
the model as a cumulative functi on for the people who start moving away from the flood
area towards safe shelters or hi gh grounds. A detailed discussion of the mobilization
process and its parameters is given in Chapter II.

Evacuation-Transportation Component

The movement of people from thei r ori ginal locations towards designated shelters
or hi gh grounds is represented in this co mponent of th e WE modul e. Three modes of
evacuati on are included: passenger cars, sports utility vehicles (S VVs), and pedestrians.
For each of these modes, the percentage of the Par using each mode, a speed of
movement along the road network is estim ated during si mulation based on the density of
vehicles on each road segment. Stability o f vehicles in flood water is estim ated as a
function of water depth and fl ow veloci ty. The movement of each mode group is stopped
if the floodin g conditions are severe enough fo r vehicles or people to become instable, in
which case that mode group is considered to be trapped on the road and given the loss of
shelter/flood zone categorization corresponding to the location at which they are trapped.
The road network is defin ed as an interconnected group of road segments. The
lengths of segments and their intercormections are obtained from the Census GIS
database. The study area should be defined to be large enough to include emergency

Table 14. Parameters of the Rogers and Sorensen (1988) warning diffusion relationship

Sirens
tone-alert radios
Auto-dial telephones
Emergency Broadcast System
Sirens and tone alert radios
sirens and auto-dial telephone

k
0.2
0.4
0.3
0.4
0.4
0.4

al
0.2
0.3
0.2
0.35
0.3
0.3 5

a2
0.3
0.2
0.25
0.2
0.3
0.3

30-min limit Release Rate
0.75
0.3
0.9
0. 1
0.5
0.5
0.93
0.1
0.95
0.1
0.95
0.1

Table 15. Values for a 1fin the Rogers and Sorensen (1988) warning diffusion relationship
Sirens

tone-alert radios
Auto-dial telephones
Emeroency Broadcast System
Sirens and tone alert radios
sirens and auto-dial telephones

Home Asleep Indoors Outdoors in transit
0.69 \
0.8
0.9
0.9
0.85
0.9
0
0
0.933
0.95
0
0
0
0.4
0.2
0.2
0.9
0.9
0.9
0.9
0.933
0.85
0.9
0.9

Working/Shoppi ng
0.6
0.7
0.8
0.\
0.7
0.8

Watching TV

Listening to Radio

I

I
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shelter locations and road network features outside the inundation area, which might
affect traffic fl ows inside th at area, such as through traffic backing up across its
boundaries.
The census data includes an assigtm1ent of each road segtnent to a road class,
referred to by one of the Census Feature Class Codes (CCFC) listed in Table 13. Each
road class is assigt1ed the following parameters, based on relating CFCCs to road classes
described in the Highway Capacity Manual (HCM) (TRB, 2000): number of lanes, freeflow speed, jam density, and a minimum "stop and-go" speed. LIFESim default values
for the number of lanes and the free-flow speed are li sted in parentheses in Table 13. T he
default value for jam den sity is assumed to be 120 vehicles/mile for all road classes
except those for which the first digit of the CCFC is 5 or higher, for which it is assumed
to be 90 vehicles/mile. The default value for the stop-and-go speed is 5 mph. However,
the user can change the default values for the road class parameters and define new road
classes, with their associated parameter values, and assigt1 road segtnents to them.
Contra flow can be represented in LlFESim through road class definitions by doubling the
number of lanes.
Flood-related inputs, such as water depth and ve locity over time, are obtained for
each road segt11ent from the LlFESim GIS pre-processor applied to the results obtained
from a dam break flood routing model, as described in Chapter V . Other module
parameters and inputs, such as vehicle and human stability criteria, and the split of
population amongst evacuation modes (cars, SVVs, and pedestrians) are input by the
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user. Appendix II provides guidance for specifying inputs. The initial spatial distribution
of the population at risk, which is obtained from census data, assigns people to census
blocks .. Based on the outcome of the warning and mobilization processes, the evacuating
population is assigned to evacuating groups. An evacuating group comprises all people
who mobilize from each census block during a single computational time increment using
each of the evacuation modes. Each group starts on the road closest to the centroid of its
census block and moves along an evacuation route, which is defined as the shortest
distance along the road network from the census block centroid to the nearest emergency
shelter. The locations of emergency shelters are defined by the user. As used in LIFESim,
emergency shelters define the destinations for the evacuating population and thus they
need not be emergency shelters, per se. They cou ld be an exit from the Oooding area or
some other location on higher ground . Shelters can also be inside the Oooding area in
buildings that are considered to be capable of withstanding the anticipated Oooding, such
as, but not limited to high-rise buildings. Therefore, the locations defined in LlFESim for
emergency shelters are an important aspect of obtaining reasonable simulation results. As
is illustrated in Chapter IX, a lternative shelter locations can be considered using LIFESim
to eva luate alternative evacuation strategies. People who reach emergency shelters are
considered as part of the "cleared" group .
Movement of vehicles along the road network is represented using the
Greenshield's Model (Greenshield, I 935) in a slightly modified form. This model was
selected because it provides a means to represent the effects of traffic density and road
capacity on vehicle speed variability, congestion and traffic jams while only requiring
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input of the length of road segments, the number of lanes in each segment, and the
interconnectivity of segments, which is readily available from the GIS Data. Selection of
this model is consistent with the underlying philosophy for development of LIFESim as
follows: the addition of a transportation modeling capability was designed to include the
important processes that can affect life-loss, while depending on only readily availab le
data sources and requiring on ly a reasonable level of effort to implement. This mled out
the use of sophisticated transportation models that require detailed inputs, such as
detailed road geometry and traffic signal operations. Steady-state traffic models were also
eliminated from consideration as they are often used for design purposes since these
would not represent the dynamic nature of traffic flows during a rapid evacuation.
The original Greenshield's (Greenshield , 1935) model is illustrated in Figure 34
and in Figure 35 for the modified fonn . Figure 34 shows the relationship between vehicle
speed and vehicle density for an "unseparated highway" road class. The original
Greenshield ' s model has been modified by introducing a minimum "stop-and-go" speed
(Vj) if the jam density (Dj) for a road c lass is exceeded, as illustrated in Figure 35.
Vehicle density is calculated for each road segment at the end of each simu lation time
step. The calculation commences by finding th e difference between the total number of
people from all evacuating gro ups who have passed through a road segment up to the end
of a particular time step and the total number of people who have passed through that
segment up to end of the previous time step. Vehicle density, expressed as vehicleslkmlane, is obtained by dividing this quantity by the product of the Vehicle Occupancy Rate
(VOR), expressed as people/vehicle, the road segment length, and the number of lanes.
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Vehicle density is used to estimate the vehicle speed, which is used in the next time step,
based on the modified Greenshield ' s model as shown in Figure 35.
When the flooding conditions on a road segment exceed the instability criteria for
cars, which are the least stable vehicle type in flooding, the road segment is closed to
incoming traffic and classified as " blocked." All vehicles on that road segment are
considered to be "trapped" and are assigned a speed ofO mph. Although blocking stops
all types of vehicles, loss of shelter and flood zone categories are assigned to people in
those vehicles based on the stability criterion for the vehicle type in which they are
trapped (i.e. cars or SUVs). Moreover, no more vehicles are allowed to enter a blocked
segment.
Pedestrians take the same route for evacuation as vehicles. However, they are not
affected either by the effects of traffic density or vehicle instability. Pedestrians move
towards shelters with a constant speed of 4 mph as a default value, which may be
changed by the user. They are considered trapped only if the stability criterion for
pedestrians is exceeded. The trapped Par for each road segment is assigned to the least
favorable loss-of-shelter category/flood zone based on all combinations of flood depth
and velocity occurring during the simulation period, and the stability criteria for their
evacuation mode, as shown in Figure 33. The Loss of Life Module divides the trapped
Par into a "survived" group, which was exposed to the flood but did not lose their li ves,
and a "lost life" group by applying the fatality rate probability distributions for each flood
zone (Aboelata, Bowles, and McClelland, 2003).
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Figure 34. Greenshi eld ' s model (based on Greenshield , 1935).
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Figure 35 . Modified Greenshield ' s model.

ISO
Outputs from the Waming and Evacuation Modu le, including the transportation
component, are divided into two categories. The first category depicts the status of people
at the end of the simulation period and includes the following :
I . Fraction of populati on remainin g in buildings by census block.
2. Number of people trapped by road segment.
3. Fracti on of population clearing the nooding area by census block.
The second category depicts the status of the roads at the end of the simulation
period and includes the fo llowing:
I . Number of people evacuating through each road segment.
2. Time from start of sim ulati on to block ing of road segments.
3. Duration of traffic jams by road segment.
4. Flood zone category by road segment.
Hi gh-ri se building evacuation component is based on a set of assumptions as
follows:
I. The veh icle occupancy rate is the basis for calculating the number of vehicles
entering road segmen ts in each time step, based on the number of people who
are estimated to mobili ze in adjacent census blocks.
2. All vehicles are assum ed to travel at the max imum or free now speed for each
road segment during the first time step. In subseq uent time steps the speed for
each road segment is calculated from the density-speed curve for that road
class.
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3. At the end of each of each time step, the total number of vehicles on each
segment is calculated as follows:

Nv, = Nv,. 1 + Nvin,- Nvout,
In which:
Nv,

= number of vehicles on a road segment at the end of the
current time step

Nv,_l

= number of vehicles on a road segment at the end of the
previous time step,

Nvin, = numbers of vehicles entering a road segment from other
connected segments or fTom mobilization fTom adjacent
census blocks during the current time step, and
Nvout 1 = number of vehicles leaving the road segment in the
current time step.
4. The speed for each road segment is calcul ated from the density-speed curve
for that road segment for use in the following time step.
5. During any time step, a vehicle is represented to travel through part of road
segment, an entire road segment, or multiple road segments depending on the
length of road segments and the current speeds on each road segment.
6. Car stabi lity criteria are checked at the end of each time step to determine
whether each road segment is avai lab le for evacuation or not. If cars are
estimated to become unstable on a particular road segment, the speed on that
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segment is set to zero, no more vehicles are represented as entering that road
segment, and the road segment is assigned a "blocked" status. The vehicles
coming towards a blocked segment are not allowed to leave the previous
segments.
7. For blocked road segments, the is maximum capacity calculated and the
fraction of the segment occupied by vehicles that are blocked from moving is
estimated as follows :

CapacitYmax= Dj I (!* n)
RSrrac = CapacitYmax I n,eh

In which:
Capacity""'

= Road segment capacity defined as the maximum
number of vehicles that can occupy a blocked road
segment.

Dj

= Jam density.
= length of road segment.

n

= number of lanes.

RS r.-ac

= fraction of a road segment that is occupied by
vehicles.

llvch

= number of vehicles blocked rrom moving on a
road segment.
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8. In the following time steps vehicles are represented as accumulating on the
same segment until it is filled to the road segment capacity. Then, exit is not
allowed from the road segment s leading into the blocked segment. As these
linked segments become full , they will in tum become blocked followin g the
same procedure as described above in this step.
9. People in vehicles on blocked road segments are categori zed into flood zones
in preparation for life loss estimati on in the Loss-of-Life Module.

High-Rise Building Evacuation

High-rise buildings are defined in LIFESim as any building with more than four
leve ls above the ground and rigid enough to withstand the effect of nood water without
collapsing. High-rise buildings are a special case in evacuation as they have their own
warning system, and they take longer time to evacuate. Moreover, high-rise evacuation
can be either downstairs to the ground level, or upstairs to a level above the nood water.
Evacuation in high-rise buildings in the WE module based on the following four
assumptions:
I . Most high-rise buildings are capable of withstanding the effects of nood water
and therefore, most likely w ill not co ll apse, although the lower levels may be
classified in a partial damage state due to the force of flood water and debris
that can destroy the externa l cladding of these types of buildings.
2. This module assumes a single or lumped hypothetical high-rise building that
is occupied by a fraction of the census block population. The hei ght of that
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building is equal to the height of the highest building. The user must define
groups oflevels, which could be a single level, and identify the total width of
the stairs from all existing high-rise buildings, the fraction of people in each
level group relative to the total high-rise building popul ation, and the direction
of movement (upstairs or downstairs) for that specific group. This grouping
technique facilitates data entry such that similar levels of the high-rise
building are defined as a single group. The high-rise characteristics table
should include an entry of the above mentioned information for each census
block containing high-rise buildings and is illustrated in Figure 36.
3. The time taken for building occupants to reach ground level to start the
hori zontal evacuation-transportation process is significant ly longer than for
low-rise buildings.
4. The speed of moving down or up is governed by the density of people on the
stairs as described below.

Simulation procedure
I. The user shou ld prepare a high-rise characteristics table containing the
required data for high-rise buildings including the high-rise population
fraction of the total census block population and other characteristics. Details
of the format of this table are in Appendix II (Table 11-2: hige-rise.txt).
2. Populations of census blocks containing high-rise buildings are reduced by the
hi gh-rise populations fractions entered in the table described in step I.
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3. The hjgh-rise building population is calculated for each level based on
informatjon in the high-rise characteristics table, in association with the type
of use (residential or commercial).
4. Warning diffusion relationships are input by the user for both types of use as
described in the following section.
5. Evacuating groups are generated from each level in each computational time
step based on the mobilization curve similar to the building-to-road
mobili zation process previously described .
6.

The evacuating groups start moving upstairs or downstairs based on the
direction specified by the user in the hi gh-rise characteristics tabl e. The rate of
movement is governed by the density of evacuees on the stai rcases and the
direction of movement.

7. At each time step, a Joss-o f-shelter is assigned to each high-rise buiJdjng level
and to stairs between levels using the procedure summarized in Figure 27,
except that in the present version, high-rise buildings are all assumed to be
categorized as in a "negligible" damage state.
8. The evacuation process goi ng downstairs and out of high-rise buildings stops
when the floodin g conditions exceed hum an stability criteria outside the
buiJdjng, represented by the centroid of the census block.
9. The number of people exiting the building at the lowest level is calculated and
added to the other evacuees on the road segment closest to the census block
centroid and divided between the three evacuation modes using the user-
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defined percentages. No mobili zation time is considered between exiting the
high-rise building and starting the horizontal evacuation, although this should
be considered in future versions to allow for tee time needed to reach a parked
car, for example.
I 0. Outputs include the number of people and the loss-of-shelter categories in
each level and each staircase night in the building, and the number of people
leaving the building towards emergency shelters.

Warning
Warning in high-rise buildings depends on the use of the building. Usually, each
building has a system of sirens or loud speakers to convey the message to occupants.
However, the official time of warning issuance is dependent on the building management.
The user has to spec ify the time delay from the first warning message in the EPZ where
the building exists till the warning system in the bui lding is activated.

Vertical speed of movement
Studies on the hjgb-rise building evacuation focus on the time required to
evacuate the building using the avai lab le means. The speed of movemen t of occupants is
dependent on many factors such as the width of openings to stairwells, tota l width and
slope of stairs, and the direction that they take to evacuate.

Group
number

Number
of levels
in group

%of total
high·rise
Population

Resid·
ential/
comm·
ercial

Direction of
evacuation

Width of
stairs

Po pulation distribution
23

Stair Width

,--

22
21
20

4

10

25%

1.0/0.0

Up

2 at
44"
each

"
18

25%
88"

17

"

15

3

3

20%

0.7/0.3

Down

2 at
44"
each

2

6

25%

0.0/1.0

Down

4 at
44 "
each

"
13
12

20%

"

"
•
'
7

I

25%

176"

6

5

1

4

30%

0.0/1.0

Down

5 at
44"
each

'
3

2

30%

1

Figure 36. Example of the high-rise building characteristics table.
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Predtechinskii and Miliniskii (I 969) studied high-rise evacuations in more than
3,600 different locations and concluded that the horizontal and vertical speeds are a
function of the density of peopl e. Assum ing that each person takes 0. I 3 m2 in hori zontal
proj ection , the density is calculated as follows:

D = 0.13

*NI A

In which:
D

=density of people on the stairs (m 2/m 2),

N

= number of people on the stairs

A

= horizo ntal projection of the stairs area (m 2)

Predtechinskii and Miliniskii (I 969) developed empirical relationships to estimate
the horizontal and vertical speeds based on density of people as follows:
For horizontal movement:

v = 112D4 -380D3 + 434D 2 -127D+57

In which:
v

=speed of movement (m/s); and

D

=densi ty of people on the stair flight (m2/m 2).

For other path types, i.e. stairs, an empirical coefficient misused such that:
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v0 = v

*m

For downstairs movem ent:

m = 0.775 + 0.44e"0·39 D Sin (5.61D - 0.224)

For upstairs movement:
m = 0.785 + 0.09e 3450 . Sin(! 5.70) ..... (0 < D S 0.6)
m = 0.785 - 0. I 0 Sin(7.85D + 1.57) .... .. (0.6 < D S 0.92)

Figure 37 is a graphical representation of the above equation. The authors did not
explain the nuctuation in the speed of moving upstairs that can be observed in Figure 37.
The Figure also shows the speeds during an emergency where the speeds are increased by
a factor

~~.

such that:

The value of llc for upstairs and downstairs are 1.26 and 1.21, respecti vely. For
horizontal path, J.l< can be estimated as follows :
J.l< = 1.49 - 0.36D
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Figure 37. Movement speeds in high-rise buildings (based on Predtchenskii and
Miliniskii , 1969).

Uncertainty in Warning and Evacuation Module

The process of waming and evacuation has many uncertainties due to the
important role of human decisions in every aspect of the response to warnings and the
evacuation process. Uncertainties also arise from module parameters such as stability
criteria for vehicles and humans and road characteristics. The effects of uncertainties on
the evacuation process are demonstrated for selected inputs and model parameters.
Figures 38 and 39 show examp les of the uncertainty warning diffusion curve and
mobili zation curve, respectively, with best estimate, upper, and lower limit curves. In
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these curves, the best estimate values are taken from previous studies and assigned an
uncertainty bound of ±I 0%. ln the case of relationships such as mobilization curves and
building damage relationships, all distributions used to represent each of these
relationships were perfectly correlated such all generated values for a particular
realization over the entire relationship are for the same percentile in their individual
distributions. For example, Figure 38 shows triangular distributions at different points
along the curve. The generated uncertainty warning curve for one iteration is therefore
sampled from the same percentile of all of these distributions along the curve and this
percentile changes for each iteration. Other inputs inc luded for uncertainty mode are as
follows:
I. Warning initiation time,
2. Vehicle occupancy rate,
3. Percentage of evacuees using vehicles, and
4. Percentage of vehicle evacuees using SUVs,
The uncertainty is also applied to other model parameters as follows:
I. Percent change in free flow speed for all road classes,
2. Speed of pedestri an evacuees, and
3. Stability criteri a for vehicles and pedestrians.
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Figure 38. Example of existing and improved warning systems with uncertainty bounds
(Existing curve is based on Sorensen and Mileti , 1988).
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CHAPTER Vlll
LOSS OF LIFE MODULE

Summary of Approach

The fmal step in LIFESim is the estimation of Joss of life. Previously described
modules simulate the spatial redistribution of people existing within the study area
through the processes of warning and evacuation and assign loss-of-shelter
categorylnood zones based on the effect of flood water on the buildings, vehicles and
pedestrians throughout the study region . These results are combined in the Loss-of-Life
(LOL) Modu le with the probability distribution of fata li ty rates for each loss-of-shelter
categorylnood zone to obtain estimates of the expected number of fatalities within the
study area. The Deterministic Mode uses the ex pected value (mean) of the fatality rate
distributions to produce a single estimate for the expected fatality rate. However, the
Uncertainty Mode uses the entire distributions. The means values for the safe,
compromised and chance flood zones are 0.0002, 0.1200, and 0.9145, respectively.
The LOL Module generates life loss estimates for popu lation in each building
types, including high-rise bui ldings, in cars and SUVs, and as pedestrians. The LOL
Module prepares a file containing the calculated number of people who are estimated to
survive the flooding (inside the inundation boundaries) and the number of fatalities by
census block. The LOL Module combines these results with WE Module results and links
them to GIS to show the spatial distribution per census block and per road segment in the
form of the outputs listed in Chapter TV.
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Calculation Procedure

The LOL Module estimates the loss of life for each of the Failure Event-Exposure
Scenario and prepares the results to be displayed in tabular and graphical form through
GIS. The procedure comprises the following steps and is illustrated in the flow diagram
in Figure 40:
1. The module reads the summary of the percentage of loss-of-shelter
categories/flood zones for each census block at each level for each building
type and number of building level categories calculated from the results of the
Loss of Shelter Module.
2. The population in each census block is distributed to each building type,
number of levels category, and level, in proportion to the number of housing
units in each building occupancy type in the census block. Residential
population is assigned to residential housing units based on the number of
family units in each census block. Single family dwellings are considered one
unit while multi-family dwellings are assumed to have the number of family
units shown in Table 12. The working/shopping population is divided equall y
between non-residential buildings.
3. Loss oflife in buildings is calculated from the number of people in each
building type, number of levels category, and level and the associated loss-ofshelter category combined with the mean value for the probability of loss of
life in this category. Then, a summary for all building types in each census
block is calculated.
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4. Loss of life in high-rise building is calcu lated based on the loss-of-shelter
category/flood zone for each level and stair flight and the number of
occupants.
5. Loss of life on vehicles and for pedestrians is calculated from the Warning
and Evacuation Module results . For each road segment, Joss of life is
estimated based on the number of people trapped each of the evacuation mode
and the corresponding loss-of-shelter category/ flood zone for each mode. A
summary for loss of life on the road per census block is also calcu lated.
6. Outputs from the LOL Module include total loss of li fe per census block, the
number of people survived in buildings and on the road, and the number of
people clearing the flooding area as listed in Chapter IV.

Loss of Life Probability

McC lell and and Bowles (2002) related the Joss-of-shelter category/flood zone to
fatality rate. Figure 41 contains an updated version (McC lelland, 2002) of the
empirically-derived probability distributions of fata lity rates for the three types of flood
zones: the safe zone with very low probability of li fe Joss; the compromised zone with
variable probability; and the chance zone with a probability of 100% life loss for more
than halfofthe historical cases. In the deterministic version of the model, the average
fata lity rates or each flood zone category are used to determine the total life loss for the
study area. In the Uncertain ty Mode fata lity rates are randomly sampled from the
probability distribution. The fatality rate probability distributions for each Joss-of-shelter
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categorylnood zone were sampled by generating a random number (uniform ly distributed
between 0 and 1.0), setting the fatality rate probability equal to that random number, and
obtaining the corresponding value for the fata lity rate.

Uncertainty Mode for Loss of Life Module

Results of loss of life from thi s module depend on two different aspects. The first
aspect is the distribution of people in buildings that might be safe, partially, or totally
damaged . The second aspect is the probability of loss of life based on the categori zation
used for loss-of- shelter categories/flood zones. In this version, uncertainties are on ly
included for the probability of loss of life for each loss-of-shelter categorylnood zone.
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Figure 40. Loss of Life Module flowchart.
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CHAPTERlX
DEMO STRATlO

OF UFESim

Introduction

The Deterministic and Uncertain ty Modes of LTFESim are demonstrated for the
sudden and delayed sunny-day failure of a large dam for a small rural community and a
large urban area under sunny-day conditions. The smaller community is located very
close to the dam, but the large community is more 3.5 hours travel time from the dam.

Community Descriptions

Comm unity A: small rural area
close to the dam
Figure 42 is a map of Community A area showing the topography, river, road
network, emergency shelter locations, and maxi mum dam break flooding area for a sunny
day dam failure. The community of about 3,500 residents is located between 8 and 13
km (5 and 8 miles) downstream of the approximately 100m high embankment dam. The
dam is located just outside the southeast comer of the map area. The river passes throu gh
the comm unity from the southeast corner to the north-west comer of th e map area. As
indicated by the contour shading on Figure 42, the community lies partly in the narrow
valley and partly on a higher bench area on the north side of the valley. A small part of
the community is located in a narrow valley of a tributary to the main river, which li es in
the northwest comer of the map area.
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Figure 43 shows the maximum flooding depth for the sunny day failure case. The
evacuation routes in this rural community are generally in an east-west direction,
although for most of the population movement generally needs to be to the north to reach
higher ground without crossing the river.
The Deterministic and Uncertainty Modes of LlFESim are demonstrated for
Community A. Sensitivity studies are presented for varying the warning issuance time,
time of day, warning system in use, four emergency shelter location cases, and different
building damage criteria. Both the existing warning and evacuation system and an
improved system are considered for Uncertainty Mode demonstration.

Community b: large urban area
distant from dam
Community B has a significantly larger population than Community A with about
200,000 people in the flooding area. As shown in Figure 60, this community lies in a
wide valley between about 57.50 and 90 km (36 and 56 miles) downstream of the same
dam considered for Community A. However, two smaller dams exist at about 40 and 44
km (25 and 27.5 miles) downstream the dam. DAMBRK results showed that the first dam
failed in this case. The second dam is small enough that its effect on the flood routing
was ignored. Figure 60 shows the topography, the river, census blocks, and the maximum
inundation boundaries for the sunny-day failure case. Figure 61 shows the details of
flooding water depth throughout the entire area, road network, and shelter locations. As
shown in Figures 60 and 61, except for the south-west side of the community, the flood
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covers the entire communjty, altho ugh the greatest depth of flooding occurs in the southeast comer, where the river enters the community.
Due to the large width and mild slope of this valley, multiple evacuation routes
exist. However, two major rivers run through Community B, which means that most
evacuees must cross a bridge to reach hi gh ground. The most critical area for evacuation
is on the east side of Community B where the waming time is shortest and water depth is
greatest. There is an "island" of high gro und in thi s area that can be accessed without
crossing a bridge and therefore Shelter 13 was placed on this "island," as shown on
Figure 6 1. Other shelters are located on all major exits from the flooding area and are
also shown on Figure 61. Multiple trials were conducted to place she lters in locations that
wou ld reduce the occurrence of traffic jams, especially in the eastern part of the study
area.
Community B provides a demonstration of LIFESim for a large community where
traffic factors may dramatically affect loss of life estimates. It also provides an examp le
of a case where fatali ty rates would be expected to be small because of the travel times is
more than 3.5 hours from the dam that is assumed to fail. Both the existing warning and
evacuati on system and an improved system are considered.

Deterministic Mode

The dam break flood routing for a sudden earthquake-induced failure mode was
perfonned using DAMBRK. Warnings are estimated, on a best estimate basis, to be
initially issued at T = 1.25 hours after the sudden failure.
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Figure 43. Maximum flood depth for sunny day fai lure in Community A.

This rather late issuance of a warning is based on the sudden and unanticipated
nature of the failure, occurring at night, and the overwhelming effect of the flood on
Community A, which, considering the disruption of communications due to the major
earthquake, and the extreme demands on the emergency management services resu lts in a
s low detection by someone other than th en dam owner and a delay in issuance of an
official warning.
Values for some key model parameters and inputs are listed in Table 15.
Population estimates and building inforn1ation are taken from HAZUS-MH database. A
detailed discussion and examples of input data format can be found in Appendix II.
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Table 16. Some key LIFESim Detem1ini stic Mode param eters and Inputs used in
simulations of Communiti es A and B
Module

Parameter/Input

Type

Value

Failure mode

Input

Earthquake

Reservoir pool elevation

Input

Full pool

Building damage criteria

Parameter

USACEIHAZUS-MH

Submergence criteria

Parameter

Figure 29

Human stability criteri a

Parameter

RESCDAM

Input

4:00AM

Warnin g issuance time

Input

1.25 hrs after failure

Warning

Warning system

Input

Sirens

and

Mobili zati on curve

Parameter

Figure 12

Evacuation

% vehi cle use

Input

95%

% cars

Input

25%

Vehicle occupancy rate

Input

1.4 persons

Vehicle stability criteria

parameter

Fi gure 14

Parameter

Figure 41

Inund ation

Loss of
Shelter

Time of day for warning
issuance

Loss of

Fatality probability

Life

distributi ons
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Community A: Deterministic Mode results
Building data is extracted from the HAZUS-MH database for Community A and
reclassified based on the building types and number oflevels to be consistent with loss of
shelter calculation methodology described in Chapter VI. Figures 44, 45 , and 46 show the
percentages of the number of wood, manufactured and mobile, and masonry housing
units, respectively, as three examp les of the five build ing types extracted from the
HAZUS-MH database. These figures show that the majority of buildings in the area are
wood except in the center of the community closer to river, where a higher percentage of
are manufactured and mobile homes exist.
For Community A, it is assumed that the official warning is issued at 4:00am
when the majority of people are at home as leep, as shown in Figure 47. This figure shows
that there is a large percentage of the population who work outside of Community A
during the day and return home at night. This illustrates the importance of considering
temporal fluctuations in a population at risk, rather than using an average value.
The warning is issued 1.25 hours after dam failure. As a result, part of the
communi ty, especially the low area near the river, wou ld not receive the waming before
the arrival of the flood wave. Figure 48 shows the fraction of the population in each
Census block who are estimated to received a warning before the flood wave arrives.
Only higher elevation and downstream areas are shown to be warned. As a result,
mobili zation rates are zero in the lower areas near the river and increase with higher
elevations or greater distance downstream as shown in Figure 49.
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Figure 50 shows the fraction of the population in each Census block who are
estimated to remain in buildings as a result of either not being warned or not having
enough time to mobilize before road conditions become unsuitable for evacuation by
walking or by vehicle. Figure 50 shows that most of the people who are initially located
in the lower elevation areas are trapped in buildings. The people on the north side are
shown to have a better chance of leaving buildings because their ground elevations are
higher and the flood arrival is slightly later than for the lower areas.
Figure 51 shows the number of people who are estimated to reach a shelter using
SUVs. The model results show the numbers and percentages of evacuees using cars,
SUVs and pedestrians who reach shelters or get trapped on the road as it will be shown
later. As a result of the short warning time, the lower elevation area occupants cannot not
clear the nooding area either because they could not leave buildings in the availab le time
before nood arrival, or because they are trapped by the nood water on their way to a
shelter. The number increases in the north direction, as tbe elevations get higher, and in
downstream direction where there is more time to evacuate.
Estimates oflife loss are shown in Figures 52 and 53 for the total fatality rate and
the fTaction of census block population losing lives while evacuating by SUVs,
respectively. Census block fatality rates are calcu lated as the ratio of the number of
people who are estimated to lose their lives in a census block to the population of a
census block at the time of warning issuance. The number of people who are estimated
to lose their lives in a census block includes people in trapped buildings and others who
evacuate in vehicles or on foot through a road segments, based on the shortest
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perpendicular distance from the road segment to a census block centroid. As a result, this
fatality rate may have a value of more than one. The results show that the highest fatality
rate is estimated to occur in the areas where little or no warning is given. Lower fatality
rates are predicted for higher elevation and downstream areas.
The Population Tracking Diagram (PTD) in Figure 54 provides a tracking of the
overall population at risk from its initial spatial distribution in buildings, through the
warning and evacuation processes, to its final spatial di stribution at the time of arrival of
the flood wave (i.e., cleared, survived or lost life during evacuation, and survived or lost
life in buildings). The PTD shows that for thi s case, a very small fraction of the
population received the warning. As a result, most of the population remained in
buildings and because of the deep hi gh-velocity flooding, a high fatality rate is estimated.
Figure 55 shows the fraction of census block population who are estimate to
survive the flooding event while remaining inside buildings. Due to the ex treme nature of
this floodin g case, the survival rate in buildings is very low.
In addition to the population estimates and fractions of population by census
block, the model can show different outputs related to the evacuation routes. For
example, Figure 56 identifies the most heavily used evacuation road segments through a
display of the estimated number of people estimated to evacuate through each road
segment by the end of the simulation period. The main evacuation routes can be clearly
identified in this figure. Figure 56 shows that roads on the north side of the community
are used for evacuation by the majority of people who managed to mobilize because these
roads would provide the shortest route to shelters.
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Fi gure 57 shows the est imated time from the start of the simulation period until
each road segment becomes blocked by floodin g, as defined by the stabi lity criteri on for
cars being exceeded. Road segments that never get flooded by the dam break fl ood are
designated as "not blocked." By comparing with the flooding boundary shown in Figure
42 , it can be seen that these areas are located on the fringes of the floodin g area where
only shallow flooding occurs, or between the flooding boundary and the location of the
across bridge emergency shelter.
The number ofSUVs estimated to be trapped by flooding (i.e. becom ing unstable)
on each road segment is shown in Figure 58. Figure 59 shows the estimated flood zone
category for SUYs by road segment at the end of the simulation period. Similar fi gures
can be developed for other transportation modes (i.e. cars and pedestri ans). Figure 58
shows that a very small number of SUVs are estimated to be trapped and thi s results from
a small number of SUVs that mobilized due to the late warning, which resulted in only a
minority of the population havi ng the opportun ity to mobilize.

Community B Deterministic Mode results
Although the warning is assumed to be issued for both Communities A and B at
th e same time (1.25 hours after dam failure), the flood takes much longer to reach
Community B, which would give the populati on at risk a much better chance to evacuate.
The dam failure floods takes about 3.5 hours before the water level is estimated to start to
rise at the upstream end of Community B and abo ut eight hours at the downstream end .
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Figure 44. Percentage of wood buildings in Commun ity A by census block.
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Figure 45. Percentage of manufactured buildings and mobile homes in Community A by
census block.
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Figure 46. Percentage of masonry bu il dings in Community A by census block.

4000
3500
3000
c:

2500

~
:;"' 2000

-

1500

-

0.
0

0.

1000

-

1-

-

500
0
0

2

4

6

8

10

12

14

16

18

20

22

24

Time of Day

Figure 47. Commu nity A population distribution throughout the day.
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Figure 48. Fraction of population warned in Comm unity A by census block.
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Figure 49. Fraction of population mobilized in Community A by census block.
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Figure 50. Fraction of population remainin g in buildings in Community A by census
block.
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Figure 5 1. Number of people cleared using SUVs in Community A by census block.
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Figure 52. Fatality rate in Community A by census block .
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Figure 53. Fatality rate for SUVs evacuees in Community A by census block.
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Figure 55. Fraction of population surviving in buildings in Community A by census
block.
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Figure 56. Number of people evac uating by road segment in Community A.
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Figure 57. Time (in minutes) from warning issuance until road segments become
blocked in Commun ity A.
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Figure 58. Number of trapped SUYs by road segment in Community A.
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Figure 59. Loss-of-shelter categories for road segments in Community A.
Exampl es of building type distributions are shown in Figures 62, 63 , and 64 for
the wood buildings, concrete buildings, and manufactured and mobile homes,
respectively. Al though these figures show that the majority of buildings are of wood
construction, some areas contain hi gher percentages of concrete buildings, with greater
resistance to co llapse in flooding, or manufactured and mobile homes, with the least
resistance. This difference in res istance influentia l in the downstream area where flood
depths are lower and a high loss-o f-shelter category is therefore less likely by building
coll apse than by submergence, which is the most com mon cause for loss of shelter in
high depth areas.
Figure 65 is the Population Tracking Diagram . Warning and mobilization are
almost at 100% as a resul t of the long time between warni ng issuance and flood arrival.
The fata lity rate is estimated to be 0.2% with half of it occurri ng on the road and the rest

188
in buildings. Figures 66 and 67 show the fatal ity rate by census block for SUV evacuees
and the total fata lity rate by census block, respectively. In some census blocks, the
fatality rate is greater than one (i .e. people losing life in a specific block are more than the
origina l population of the block). This is a result of moving evacuees from their original
location towards shelters where they might be trapped on the road and lose thei r lives. At
this case, life loss is assigned to the census block where loss of li fe is estimated to occur
rather than the original location of the evacuees. Figures 66 and 67 show that all life loss
is estimated to occur in the upstream area as the flood arrives at a point in time when
evacuation is not completed. In the downstream area, evacuation of the entire population
at risk is completed and no li fe loss is estim ated to occur.
The following four fi gures are very important for creating, eva luating and
improving an evacuation plan. Figure 68 shows th e number of evacuees estimated to use
each road segment. Figure 69 shows the number of people estimated to be trapped on a
road segment while evacuating using SUVs. Figure 70 shows the time, in minutes, when
each road segment is estimated to become comp letely jammed such that the density of
vehi cles (in vehicles per mile per lane) exceeds the road density and the speed of traffic is
set to the minimum stop-and-go speed. Figure 71 shows the time when each road
segment is estimated to become unsu itab le for traffic flow as a result of the fl ood ing
condi ti ons exceedin g the stability cri teria for cars.
Figure 72 shows the loss-of-shelter categories fo r each road segment at the end of
the flooding event, which is used for assigni ng fatality rates for estimating fatality rate for
people on the road at the time of the flood arrival.
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Figure 63 . Percentage of concrete buildings in Community B.

N

A

0

Figure 64. Percentage of manufactured buildings and mobile homes in Community B.
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Figure 66. Fatality rate for SUVs evacuees in Community B by census block.
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Figure 70. Time (in minutes) when road segments become jammed in Conmmnity B.
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Sensitivity Studies fo r Community A

The sensitivity studi es were perforn1ed on the effects of the following for
Community A:
I. The following range of warning issuance time relative to dam fai lure: four
hours before failure to two hours after fai lure (IS-minute interva ls).
2. The following three time-of-day scenarios when the warning issuance occurs:
night-time ( 4:00 AM), day-time ( 10:00 AM), and commuting-time ( 4:00 PM).
3. The fo llowing three warning system types : sirens, tone-alert radios, and a
mixed system of sirens and tone-alert radios.
4. The followin g four shelter locati on cases: Multiple shelters, Single upstream
shelter, Single downstream shelter, and Single across-bridge shelter
5. The following two building damage criteria: USACE (1985) and RESCDAM
(2000).
The base case for these sensitivity studies is the same as in Table 15 used for the
Detern1inistic Mode Simu lati on and is defined as follows:
I. Warning issuance tim e, T = 1.25 hours after dam failure,
2. Time-of-day scenario when the warnin g issuance occurs = 4:00 AM (ni ghttime),
3. Warning system type = sirens,
4. Emergency shelter location case = multiple shelters, and
5. Building damage criteria = USAC E ( 1985).
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Results from each of the sensitivity studies are summarized in the following
subsections.

Warning issuance time
The warning issuance time was varied from T = -4 hours, corresponding to a
warning issued four hours before dam failure, toT = 2 hours, for a warning issued two
hours after dam failure, using a 15-minute interval.. In comparison, the Deterrninistic
Mode results presented earlier in this chapter are forT = 1.25 hours; that is, for a warning
issued 1.25 hours after dam failure.
Figures 73 to 81 show the sensitivity results expressed as the number of people
and as percentages of the total population at risk that are estimated to be warned ,
mobili zed , safely cleared (reach she lt ers), remained (survived) in the flooding area, or to
have lost their lives (fatalities) by the end of the simu lation period. Stage hydrographs at
the upstream and downstream limits of Community A are included in these figures to
show the progress of the flood wave across the study area. In each figure, a later warning
issuance time, corresponding to a smaller warning time, which can be seen to lead to a
sma ller percentage of the population being warned, mobilized, clearing the floodin g area,
and surviving, with the result that the fatality rate is larger.
Estim ated fatality rate can be observed to decrease for some ranges of positive
warning issuance times in all Figures. This occurs because the number of people
estimated to remain in buildings is larger under the later warning issuance cases (i .e.
positive values ofT). ln these cases, a very late receipt of a warning, or not receiving a
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warning at all, reduces or eliminates the chance to evacuate, although the majority of
those people would have done so if they had been warned earlier. However, for those
who would have mobilized, but then are trapped by the flood during their evacuation,
staying in buildings would have been safer because buildings are more stable than
vehic les or pedestrians in the fl ooding.

Time-of-day scenario for warning issuance
Figures 73, 74, and 75 show the effect three time-of-day scenarios when the first
warning is issued, as follows: night-time (4:00AM) when the majority of population are
at home, day-time (I 0:00AM) where people are mostly working or shopping, and
commuting lime (4:00PM). For long warning limes, fatality rates are estimated to be
lower at ni ght because the type of warning system used in this case, sirens, is more
effective at night. For short warning times, fata lity rates are estimated to be almost equal
for the three time-of-day scenarios regardless of the differences in population size and
activities for these different times of the day.

Type of warning system
Three different systems were considered as follows: sirens, tone-alert radios, and
a mixed system of tone-alert radios and sirens. Effectiveness ranges from lowest for
sirens to highest for the mixed system based on Rogers and Sorensen ( 1988). Figures 75,
76, and 77 display the results. For long (3 hours before failure) and short warning
issuance times (one hour after failure), th ere is no significant effect on the results because
the effectiveness of the warning system has little effect if there is a long or short warning
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time. For long warning times even warning systems with low effectiveness should reach
almost all of the community; but for short warning times or cases where the warning is
non-existent (i.e. flood arrival takes place before an official warning is issued) most or all
of the popu lation wi ll not receive a warni ng regardless of how effective the avai lab le
warning system is . However, for intermediate warni ng issuance times, the more effective
tone-alert radios and mixed warning systems are estimated to lead to an increase in the
rate of warning and, therefore, a reduction in fatality rates.

Location of emergency shelters
The following four emergency shelter location cases, with references to shelter
numbers shown on Figure 42:
I. Multiple shelters: Shelters I - 7 located at almost every ex it from the flooding
area and thus providing for evacuating traffic to be spread across various
routes.
2. Single upstream shelter: Shelter 2 located on hjgh ground at the main exit
from the community and relatively close to the main concentration of the
population. Reaching this shelter requires that most of the population moves
in an upstream direction to the east.
3. Single downstream shelter: Shelter 8 located on high ground west of
Community A. Reaching this shelter requires that most of the population
moves in a downstream direction to the west. However, the route goes down
the valley close to river before going up to the shelter and is therefore cut off
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early in the flooding event.
4. Single across-bridge shelter: Shelter 6 located both somewhat remotely from
the main concentration of the population and across a bridge, which is cut off
early in the flooding event.
Flooding would block the roads to the shelters in the early stages of the dam
breach flood for the single downstream and across-bridge shelter cases, shown in Fi gures
79 and 80, respectively. Thus, for these shelter cases, evacuation is expected to be less
effective, and fatality rates are estimated to be higher, than for the multiple shelters and
single upstream shel ter cases, whi ch are shown in Figures 74 and 78, respecti vely, and
which depend much less on roads in the lower lying areas . The reduction in evacuation
e ffecti veness for the single downstream and across-bridge shelter cases is pronounced for
waming issuance times between about T = -0.5 and 0 hours as indicated by a sharp drop
in the percentage of people clearing the floodin g area shown in Figures 79 and 80.

Building damage criteria
The effect of using the RESCDAM (2000) structural damage cri teri a is shown in
Figure 8 1 and can be compared with results in Figure 74, which are based on the USACE
damage criteria for buildings. Little difference can be seen in estimated fata lity rates for
the different damage criteria; however, thi s comparison is likel y strongly influenced by
the deep floodin g in most of Communi ty A. Hence, loss of shelter would be well into the
hi gh category and not close to the boundary between complete damage and partial
damage states, as shown in the discussion of building damage in Chapter II , and hence
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insensitive to the choice of damage criteria. For other areas, where flooding is not as
deep, the effect of changing the damage criteria could be significant.

Uncertainty Mode

To demonstrate the Uncertainty Mode, uncertainty was characterized for th e
variables listed in Tables 17, 18, and 19. The following sections describe the method used
to set the values used in Uncertainty Mode Demonstration. It should be noted that all
probabilities, unless otherwise mentioned , follow triangular distribution with values for
the lower limit, best estimate, and upper limit.
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Figure 73. Sensitivity to warning issuance time for sirens at night in Community A.
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Figure 75. Sensitivity to warning issuance time for sirens at commuting time for
Community A.
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Fi gure 76. Sensitivity to warning issuance time for tone-alert radios at ni ght for
Community A.
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Figure 77. Sensitivity to warning issuance time for sirens and tone-alert radios at night
for Community A.
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Figure 78. Sensitivi ty to warning iss uance time for single upstream shelter for
Community A.
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Figure 79. Sensi ti vi ty to warning issuance ti me for si ngle downstream shelter for
Community A.
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Figure 80. Sensitivity to warning issuance time for single across-bridge shelter for
Comm unity A.
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Figure 81. Sensitivity to warning issuance time for RES CD AM building damage criteria
for Community A.
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Table 17. Uncertainty Mode Inputs
Estimates

Type

Warning issuance time

Units

Lower

Best

Upper

-3

0

Input

hours

-4

Input

hours

0.5

(Delayed failure)
Warning issuance time

1.2

Warning sys tem

2

5

(Sudden failure)

Parameter

n/a

80%

100%

parameter

%Par/min

90%

100%

110%

Input

n/a

85%

95%

100%

Input

n/a

20%

25%

40%

Input

Passengers/v

I

1.4

1. 8

120%

effect ive ness

Mobilizati on curve
Split of evacuees between
vehicles and pedestrians
Split of ve hicle between

cars and SUVs
Vehicle occ upancy rate

ehi cle

Maximum vehic le speed

parameter

mph

85%

Pedestrians speed

parameter

mph

70%

Bu ilding damage criteria

parameter

Vehicle and human stability

parameter

Fatality probability

zone

100%

11 5%
130%

USACE in Table 17
m /sec or

Table 18

3

m /sec

crite ri a

distr ibution for each flood

100%

parameter

n/a

Uniform distribution
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Table 18 . Uncertainty bounds for building damage criteria
Building

Number

DV

of levels

(m /sec)

material

3

Upper Lower

Lower

Best

limit

estimate

limit

I

--z-

Wood

7.5 1

6.38

10.74

~
I

10.88

12 .80

18.30

2

32.98

38.80

55 .4 8

3

46.50

54.70

78.22

D

v

(m)

(m/sec)

Best

Upper

Lower

Best

Upper

limjt

estimate

limit

limit

estimate

limit

2.59

3.05

4.36

3.88

4.57

6.54

5. 18

6. 10

8.72
1.63

1.92

2.75

1.95

2.29

3.27

1.40

1.65

2.36

Masonry and

Concrete

Steel

I

8.64

10. 13

14.49

2

17.00

20.00

28 .60

3

24.42

28 .74

4 1.10

Manufactured
Figure 82

and Mobil e
Homes

Table 19. Vehicles and pedeslrians uncertainty stability criteria
DV
(m2/sec )

Lower

Best

Upper

limit

es limate

limit

Cars

0.7

0.9

1.1

SUVs

1.15

1.35

1.55

Pedestrians

0.5

1.1

1.5
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Damage criteria for manufactured buildings and mobile homes based on
FEMA, 2003.

Loss of Shelter Module parameters
Inputs to Loss of Shelter Module from the HAZUS-MH database and the Oood
routing model are not considered uncertain . However, building dan1age criteria are
considered uncertain to account for variability between buildings in each building type.
The Uncertainty Mode uses building damage values from sources such as the U.S. Am1y
Corps of Eng in eers ( 1985) that uses depth time sq uared velocity, or RESCDAM project
(2000) that uses depth time velocity. Then, based o n the damage criteria used, a fraction
is app li ed to the values of DV 2 or DV to estimate the upper and lower limits.
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Warning and Evacuation Module
inputs and parameters
Results from sensitivity analysis showed that the effect of warning issuance time
is the most effective factor in the estimation of fata lity rate. Therefore, warning issuance
tim e is divided into two types: delayed failure case when waming is issued before dam
failure or flood arrival and, sudden failure case when warning is issued after dam failure
or flood arrival. The study of Communi ty A concluded that delayed failure occur at about
three hours after warning issuance and sudden fai lure would delay the issuance of
waming to 1.25 hours after dam failure. The ranges shown in Table 17 are based on
experience.
Uncertainty applied to warning system effectiveness in the fonn of adjustment to
one of the parameters that estimate warning diffusion (30-minute limit). This param eter,
N, defines the fraction of population warned after 30 minutes from the time of issuance of
the initial warning message. Sensitivity st ud ies performed on the Rogers and Sorensen
( 1988) warning diffusion equation given in Chapter Vll showed that thi s parameter is the
most effective in determining the shape of the curve generated by the equation.
Mobilization uncertainty depends on many factors such as the credibility of and urgency
dep icted from the warning message as well as the time of day and activities at the time of
warning receipt. Ln this demonstration , mobili zation is varied by applying a variation
shown in Table 17 to the mobili zation curve based on Duclos, Binder, and Riester, 1989.
Other inputs and parameters such as the spli t between vehicle and pedestrians,
split between passenger vehicles and SUVs, vari abil ity in speed for both vehicles and
pedestrians, and vehicle occupancy rate are assumed to use a reasonable value based on
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experience or literature as a best estimate, and a range of variation ranging from ±5% to
±30%.

Loss o f Life Module parameters
Loss of Life Module inputs are generated by other modules with additional inputs
needed . The fatality rate probab ility distributions for each loss-of-shelter category!nood
zone were sampled by generating a random number (uniformly distributed between 0 and

1.0), setting the fatality rate probability equal to that random number, and obtai ning the
corresponding va lue for the fatality rate.

Uncertai nt y Mode results
The Uncertainty Mode was demonstrated for the following cases:
I.

Case I : Delayed dam failure with a less effect;ve warning system (sirens);

2.

Case 2: Sudden dam failure with a less effective warning system (sirens);

3.

Case 3: Delayed dam failure with a more effective warning system (sirens
and tone-alert radios); and

4.

Case 4: Sudden dam fai lu re wi th a more effective warning system (sire ns
and tone-alert radios).

In addition , the following conditi ons were considered in the Uncert ainty Mode
runs:
I.

Time-of-day scenario when the warning issuance occurs = I 0:00 AM
(day-time),

2.

Emergency shelter location case = multiple shelters, and
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3.

Building damage criteria = US ACE ( 1985).

Each of these cases is simulated using 300 iterations using the Latin Hypercube
data sampling method for inputs. According to Iman and Zeigler ( 1980), the Latin
Hypercube technique is more efficient than Monte Carlo samp ling in that it achi eves a
given level of precision with a smaller synthetic size sample. The selection of the number
of iterations depends on the required level of change of variance of model results with
increased numbers of iterations and simulation time limi tations. Outputs are co llected and
analyzed as shown in Figures 83 to 85 and Tables 20 to 24.
Figures 83 and 84 show the estimated uncertainty in fatality rate estimates for the
de layed and sudden earthquake failure Cases I and 2, respectively, presented as
cumu lative probability distributi on functions. The figures also show the deterministic
estimate of fatality rate and the cumulative probability distributions of the number of
people warned , mobilized, cleared, and survived. The estimated reduction in fatality rate
for the more effective warning system can clearly be seen by comparing the results in
Figures 85 and 86 for Cases 3 and 4, respectively, with those in Figures 83 and 84,
respectively. In addition, the variability in the uncertainty of estimated fatality rate is
shown to be reduced by the more effective warning system, as indicated by a sma ll er
range of fata lity rate estimated for the improved system than for the existing system.

In Figures 83 and 84, the Detem1inistic Mode life Joss estimates of 446 and I ,263
lives for the Jess effective system are shown to have estimated non-exceedance
probabilities of about 44% and 9% for the delayed and sudden earthquake failure cases,
respectively. In comparison, the estimated mean and median (50% non-exceedance
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probability) life loss from the uncertainty analysis are 469 and 450 lives for the delayed
failure case and I ,345 and I ,376 lives, respectively, for sudden failure case.
The Deterministic Mode life loss estimates of234 and 968 lives for the more
effective warning system (Cases 3 and 4) have estimated non-exceedance probabilities of
about 19% and 2% for the delayed and sudden earthquake failure cases, respectively. In
comparison , the estimated mean and median li fe loss from the uncertainty analysis are
30 I and 297 lives, respective ly, for delayed failure case and 1,340 and I ,373 li ves for the
sudden failure case.
For the sudden failure cases, summary stati stical analysis of model results,
including warning, mobilization, clearance, surviva l, and life loss, shown in Tables 20 to
24 indicate that there is hi gh negative skew in the uncertainty distribution of life loss.
Referring to sensitivity runs, the results show that there is a warning time beyond which,
loss of life result remains unchanged, about 1.25 hours after dam failure in most cases for
Community A. This point in time is when the warning has no effect as the nood arrives
before people can leave buildings. The warning time distribution in the sudden failure
Cases 2 and 4 has that value (1.25 hours) as the best estimate which forces the
distributions to take that shape. It shou ld also be noted that the kurtosis for the sudden
failure Cases 2 and 4 are very high indicating that the distributions are hi ghly peaked. For
the del ayed failure Cases I and 3, low to medium positive skew is exhibited.

219

1
0.9
Q)

0

0.8

u

"'

0.7

0

0.6

c

Q)
Q)

Jl

0.5

0
~ 0.4
.c

.c 0.3

"'
0

<i. 0.2
0.1
0
0

200
-

400

600

800

1000

1200

1400

1600

1800

LWe Loss
- - - - LWe-klss Deterrrinistic

- - Ufe-klss Uncertainty

---Warned

- - - M>bilized
- - - Survived

---Oeared

Figure 83. Uncertainty results for delayed failure and less e ffecti ve warning for
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Table 20. Statistics of warning uncertainty results for Community A

Statistic

Minimum
Maximum
Mean
Standard
Deviation
Median
Kurtosis
Skewness
5%
10%
15%
20%
25%
30%
35%
40%
45 %
50%
55%
60%
65 %
70%
75%
80%
85 %
90%
95%

Case 1:
Delayed
failure Less
effective
warning
862
1675
1197

Case 2:
Sudden
fai lure Less
effective
warning
104
713
230

Case 3:
Delayed
failure More
effective
warning
1143
1694
1375

Case 4:
Sudden
fai lure More
effective
warning
115
1185
3 19

163
1195
0.1 88
0.483
954
993
1027
1059
1082
1102
1127
1159
1178
1195
1212
1228
1244
1258
1285
1315
1349
1412
1508

143
174
2.560
1.856
124
133
136
137
137
137
138
149
156
173
195
206
214
222
238
254
394
460
559

100
1367
0.241
0.433
1228
1251
1276
1294
1304
1315
1328
1339
1353
1368
1383
1390
1401
1422
1439
1454
1475
1512
1550

273
234
2.211
1.842
120
124
127
131
134
138
150
177
196
233
256
295
308
317
326
344
372
868
998
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Table 21. Statistics of mobilization uncertainty results for Community A

Statistic

Minimum
Maximum
Mean
Standard
Deviation
Median
Kurtosis
Skewness

5%
10%
15%
20%
25%
30%
35%
40%
45%
50%
55%
60%
65%
70%
75%
80%
85%
90%
95%

Case 1:
Delayed
failure - Less
effective
warning

Case 2:
Sudden
failure Less
effective
warning

Case 3:
Delayed
failure More
effective
warning

Case 4:
Sudden
failure More
effective
warning

705
1874
1175

84
649
198

884
1872
1352

93
876
219

203
1166
0.254
1.107
857
928
968
1002
1033
1061
1087
1111
1142
1168
1197
1229
1248
1273
1310
1344
1387
1423
1513

121
152
14.586
6.662
110
117
122
126
130
134
139
143
147
152
156
160
166
174
191
246
270
409
481

192
1341
-0.8 13
0.825
1056
1113
1153
1187
1215
1240
1267
1295
1317
1341
1366
1390
1420
1442
1480
1515
1562
1615
1688

155
155
21.422
7.634
113
118
122
127
131
135
140
144
149
154
161
173
187
201
227
269
315
405
595
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Table 22. Statistics of clearance uncertainty results for Community A

Statistic

Minimum
Max imum
Mean
Standard
Deviation
Median
Kurtosis
Skewness

5%
10%
15%
20%
25%
30%
35%
40%
45%
50%
55%
60%
65%
70%
75%
80%
85%
90%
95%

Case 1:
Del ayed
failure Less
effective
warning

Case 2:
Sudden
failure Less
effective
wamin_g

Case 3:
Delayed
failure More
effective
warning

Case 4:
Sudden
failure More
effective
warnin g

755
1469
1129

35
445
85

1004
1584
1328

40
629
97

137
1150
0.158
-0.344
875
950
983
1014
1046
1069
1088
111 7
11 36
11 53
11 65
1178
11 87
1200
1214
1230
1252
1288
1339

84
52
7.903
2.88 1
40
44
46
47
49
50
50
50
51
52
53
55
59
61
69
81
144
159
313

99
1333
0.804
-0.522
1142
1206
1229
1262
1280
1293
1301
1312
1323
1333
1343
1356
1363
1377
1392
1406
1419
1454
1477

109
56
10.086
3.160
42
44
45
46
46
47
48
51
53
55
58
65
71
80
86
95
136
192
365
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Table 23. Statistics of survival uncertainty results for Community A

Statistic

73
199
136

Case 2:
Sudden
failure Less
effective
warning
244
417
302

Case 3:
Delayed
failure More
effective
waming
60
!57
105

Case 4:
Sudden
failure More
effective
warning
204
417
295

25
133
0.053
0.094
95
106
112
117
12 1
124
127
129
131
133
136
138
143
148
150
!55
160
167
179

27
305
8.364
2.059
259
276
281
288
293
298
300
302
304
305
305
306
306
306
307
308
309
310
312

17
105
0.540
0.213
78
83
89
92
94
97
99
101
103
105
107
109
110
112
114
116
121
126
132

34
304
3.803
0.856
234
255
265
273
278
283
291
296
302
304
304
306
307
308
308
309
309
309
310

Case I:
Delayed
failure Less
effective

warnino
Minimum
Maximum
Mean
Standard
Deviation
Median
Kurtosi s
Skewness
5%
10%
15%
20%
25%
30%
35%
40%
45%
50%
55%
60%
65%
70%
75%
80%
85%
90%
95%
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Table 24. Statistics of life loss uncertainty results for Community A

Statistic

Minimum
Maximum
Mean
Standard
Deviation
Median
Kurtosis
Skewness

5%
10%
15%
20%
25%
30%
35%
40%
45%
50%
55%
60%
65%
70%
75%
80%
85%
90%
95%

Case 1:
Delayed
failure Less
effective
warning

Case 2:
Sudden
failure Less
effective
warni ng

Case 3:
Delayed
failure More
effective
warning

Case 4:
Sudden
failure More
effective
warning

192
780
469

1044
1385
1345

90.0
573
301

896
1382
1340

11 3
450
0.187
0.398
300
342
369
385
399
409
420
429
440
448
461
477
497
517
535
558
584
614
683

70.8
1376
7.21
-2.74
11 58
1279
1304
1313
1367
1372
1374
1375
1376
1376
1377
1377
1377
1377
1378
1378
1379
1380
1382

82.4
297
0.87 1
0.584
177
197
225
237
249
260
27 1
277
287
297
305
313
322
329
339
353
380
405
461

88.9
1373
10.8
-3 .26
1098
1262
1293
1323
1365
1367
1369
1370
1373
1373
1375
1376
1377
1378
1378
1379
1379
1380
138 1
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CHAPTE R X
SUMMARY. CONCLUS IO SAND RECOMMENDATIONS

Modeling system
Th is di ssertation presents a detailed description of the work done to conceptualize
and build the LlFESim modeli ng system for estimati on o f fatality rate resulting from dam
fai lure. Estimati on of fa tali ty rate is needed for eva luation of exi sting and residual ri sks
against tolerable ri sk guidelines, assess the benefits associated with risk reduction
measures, and estimate the cost e ffecti veness of life-sa fety risk reduction.
The main obj ect ive o f thi s research is to develop a practical and improved lifeloss estimation approach fo r use in dam safety risk assessment and emergency pl anni ng.
The methodology is specifica ll y form ul ated to overcome the limitations of previous,
purely empirica l, approaches.
Two modes of sim ul ation are created: the Detem1in isti c Mode provides estimates
o f fatality rate from "best estim ate" inputs; and the Uncertainty Mode is designed to
display the e ffects of parameters and inputs uncertainty on the loss of life estimates, and
estim ate the uncertainty bounds and probability di stributi ons for life-loss estimates.
The si mulation modeling system comprises the fo llowing internal modules: I)
Loss of Shelter, incl uding pred iction of building performance, 2) Warning and
Evacuation , and 3) Loss o f Life, based on empirica l relati onships developed in our earli er
work (McC lelland and Bowles 2002) fro m a wide range of case histori es. The HAZUS-
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MH Data Preparation Module (HDP) extracts data from HAZUS-MH (FEMA, 2003) and
the GIS Data Preparation Module (GDP) preprocesses various GIS data into the forn1
required by LIFESim. Post processing is performed to obtain outputs that display the
resu lts. There are also separate uncertainty data preparation and iteration modu les.
Estimated flooding conditions are obtained from an external dam break and flood routing
model (e. g. HEC-RAS (HEC, 2002) or DAMBRK (BOSS, 1999)). Other inputs include
a di gi tal elevation model, road layout, and data on populations at risk from readily
avai lable GIS so urces.
The Loss of shelter (LOS) Module estimates the exposure of population in the
study area to flood water. Loss-of-shelter categories/flood zones is a method of
characterization of building according to the damage caused by flood water. Water depth
and velocity detennine the loss-o f-shelter category/flood zone in two ways. First, they
can cause damage by the forces exerted on the building and, second, they can lead to
submergence of some or all levels of the building. In addition, partial submergence may
cause instability which also causes loss of shelter, although the building may not be
destroyed . The Uncertainty Mode for thi s module uses probability distributions for
bui lding damage criteria and human stability criteria.
The Warning and Evacuation (WE) Module estimates the number of people
ex posed to flood water so that fatality rates can be applied to them based on the loss-ofshelter category/flood zone for the area where they ex ist. The warning and evacuation
simulation starts once a decision to warn the publi c is made by the emergency mangers.
The warning process is initiated and may take some time to reach all the targeted
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population at risk based on the effectiveness of the warning system in the study area and
the time of day when the warning is issued. People who are warned and willing to accept
the evacuation order get ready to move, but this mobili zation process also takes time.
Mobili zation time varies based on many factors such as age of evacuees, time of day, and
the urgency depicted from the evacuation order. The WE Module utilizes a user-input
mobili zation curve, which should be representative of the case under study. The
following three modes of evacuation are represented in LIFESim: cars, sport utility
vehicles (SUVs) and pedestrians. However, some people may choose to move vertically
in the building they are in, or any nearby building that they think it might be safer for
them to shelter in. Vertical evacuation and movement to other buildings are not
represented in the current version of LIFESim.
The final step in the warning and evacuation process is the movement of people
towards the emergency shelters. The time required for clearance of the inundation area
varies based on the distance to be covered to safety and the speed of movement. Speed of
movement is governed by the number of peopl e evacuating using each road segment and
the characteristics of that road segment. The availability of each road segment for
evacuation is estimated by taking flooding conditions into account over the simulation
period. When stability criteria are exceeded for either pedestrians or cars, the road
segment is desi gnated to be in a "blocked" state and no more traffic is simulated to enter
or leave it.
Outputs from the WE Module include estimates of the number of people who
receive a warning, mobilize, reach shelters, or would be trapped on the road by flooding
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water. Outputs also include a flood zone category for pedestrians and vehicles at each
road segment.
The Uncertainty Mode for the WE Module considers uncertainty in parameters
such as warn ing effectiveness, mobilization, stabi lity cri teria, and variabi lity is speed of
vehicles and pedestrians. Inputs uncertai nties include the split between vehi cles and
pedestrians, the split between cars and SUVs, and vehicle occupancy rate .. Due to the
nature of the evacuation process that requires multiple human decisions in the decision to
evacuate and the choice of evacuation means, the uncertainty in this module plays an
important role in the final model outputs as shown in the case study.
The Loss of Life Module uses loss-of-shelter category/flood zone and evacuati on
results from other modules and combines them with fatality rate probability distributions
for each flood zone to estimate loss of life in buildings and for those trapped during
evacuation. Thus a key factor in LlFESim is the use of these fatality rate probability
distributions that are based on the categorization of the populations at risk based on loss
of shelter and flood hazard. ln the Deterministic Mode, the average probability fatality
rate for each flood zone is used. In the Uncertainty Mode a random sampling approach is
used such that the entire distributi ons are considered.
In addition to the above mentioned modules, other modules facilitate data input
from the external flood routing model and the Census and HAZUS-MH databases, to
generate inputs for the uncertainty procedure, and to display outputs.
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Demonstration results
The LlFESim model is applied to two commun iti es for hypothetical dam breaks
under sunny-day conditions. Community A is located between 8 and 13 km (5 and 8
mi les) downstream of the approximate ly 100m hi gh embankment dam , and Community
B is located between 57.5 and 90 km (36 and 56 miles) downstream of the same dam.
Community A is used to demonstrate the Deterministic Mode, Uncertainty Mode, and
sensitivity studi es for warning issuance time, time of day, shelter location, warn ing
system type, and building damage criteria. Community B is used to demonstrate on ly the
Deterministic Mode.
The Deterministic Mode uses the best estim ate values for all inputs. G IS maps are
displayed to show model results by Census blocks and road segments. Results include the
spatial distribution of the rates of warning, mobilization, survival, and life loss. A
Population Tracking Diagram tracks the number of people at risk from start to end of the
simu lati on process showing the total number of people warned, mobilized by mode of
transportation, and survival or life loss on the road and by building type. Some outputs
are linked to road segments such as the number of people using roads, the total time
during the simulation when a road is jammed, the time when it becom es blocked or
impassable as a result of floodin g, and the number of peop le trapped on a road segment.
Sensitivity results demonstrated that some fac tors are very effective in the
estimation of fatality rate such as warning issuance time. The effectiveness of other factor
depends mainly on the warning issuance time such that they might be effective for long
or short warning times only.
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Sensitivity results for the time of day at which the warning is issued show the
variation of the existing population in the study area as well as the changes in the warning
system effectiveness. For Community A, the population during night-lime is about
doub le that the day-time population. The results also showed the change in effectiveness
of the sirens warning system based on the activities carried out during the day.
Warning systems vary in effectiveness. Warning systems with low effectiveness,
such as sirens, produced low rates ofwam.ing diffusion while more effective systems,
such as lone-alert radios and mixed warning systems, produced high rates of warning
diffusion . The warning issuance time plays an impo rtant role in detern1ining the time over
available for effectiveness of a warning system to innuence the evacuation process. For
long or short waming times waming system effectiveness is not important in estimating
evacuation or life loss because there is either enough time to warn population or there is
no time for warning diffusion before nood arrival , respectively.
Sheller locations are very important for short waming time where some roads or
bridges might be blocked early in the nooding event and cause more life loss. As shown
in the sensitivity study results, the across-bridge case and the downstream sheller case
both depend on crossing low elevation areas in which road segments are blocked by
rapid ly ri sing nood waters soon after dam failure.
The effect of changing the building damage criteria was demonstrated. However,
due to the extreme nature of the nooding in thi s case, most of the loss of sheller happened
as a result of building submergence and so was insensitive to building damage criteria.
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Uncertainty Mode results show variability of model outputs based on input
uncertainty. Four cases were tested using lower and higher effectiveness warning systems
for delayed and sudden failure scenarios. The model results provide probability
distributions of uncertainty estimated for the model outputs, including warning,
mobilization, clearance, survival, and life loss. A comparison between the Detern1injstic
and Uncertainty Mode results is given and shows that for the sudden failure case the lifeloss uncertainty distribution is estimated to be significantly skewed.
Overall, the demonstration results illustrate that improving warning system can be
very effective in reducing the expected fatality rate for the delayed failure case. However,
this effect diminishes for the sudden failure case as a result of the short time avai lable for
warning diffusion and mobili zati on.

Conclusion

The process of life loss estimation from dam failure is very complex due to many
fac tors such as human decision involved, uncertainty of flooding conditions, and prior
planning and preparation. The effort done is mainly to identify the physical processes that
lead to life loss such as damage to buildings and evacuation . LIFESim is a sign ificant
improvement over the purely empirical methods that have been used, and which are
based on disparate case histories and make little distinction between important sitespecific conditions that can be shown to significant ly affect life loss.
LlFESim categori zes the population at risks by its exposure to the flood at the
time of its arrival by modeling warning diffusion, mobilization, and evacuation processes
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to estimate the spatial and temporal redistribution of people during the period of time
from warning issuance through flood arrival at various locations throughout the flooding
area. Empirical fatality probability distributions are then applied to people based on th eir
categori zati on into the flood lethality zones, in which their chances of survival or life Joss
can be considered to be homogeneous in a statistical population sense. In addition to
being useful for providing credible life-Joss estimates for dam safety risk assessment,
LlFESim can be used to better understand the factors that are expected to significantly
affect li fe Joss and to evaluate different warning and evacuation plans.
In its current form, LIFESim can be very useful in life-loss estimation and
evacuati on planning.

Recommendations for Future Work

The use ofLIFESim in simulation of life-loss as a result of dam fai lure has been
demonstrated and the model capabiliti es in provid ing an insight into the dynamics of
processes that produce life loss are demonstrated in this dissertation. In each section on
the modules that comprise LIFESim, various limi tations are listed. The following
enhancements to LIFESim would be expected to improve LIFESim:
I. Loss of shelter in high-rise buildings shou ld include damage to the outer
cladding and the possibility of collapse in addition to submergence. We have
not found existing criteria for collapse of high-rise buildings by flooding.
2. The effect of debris in flood flows should be considered in building damage
estimation and the stability criteria for vehicles and humans.
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3. The mobilization process should include tim e of day, and age, gender and
other characteristics of evacuees that have been shown to innuence important
choi ces made by evacuees and their mobility.
4. Human stability criteria should include the effect of factors such as age and

gender.
5. Loss-of-shelter Module shou ld separate between none and negligible dan1age

to avo id applying fatality rates to areas with no nooding.

6. People in transi t at the time of warning should be treated differently in
evacuation such that their warning and mobi lization should not be combined
with people in buildings.
7. Shifts from one evac uati on mode to another, such as from vehicles to

pedestrians when road segments are blocked, should be added.

8. All ow for the movement of evacuees between building types, or into buildings
such as hi gh-rise buildings that cou ld provide a sa fe shelter.

9. Pedestrians should be a llowed to take routes other than the road network.
I 0. Add bui lding type and number of levels, and submergence criteria to inputs

and param eters that are co nsidered in the Uncertainty Mode.
II . Add a user-friendl y interface to facilitate data preparation , model input, and

other aspects of model use.
12. Add the capability to automatically import nooding data from programs such
as DAMBRK, MIKEll , or MfK£21.
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13. Relax the study area size limitation to accommodate longer and wider
flooding boundaries while using a small er grid cell size for increased
accuracy.
14. Ex pand types of probabi lity distributions used in the Uncertainty Mode.
15. Improve the efficiency of operat in g the Detenninistic and Uncertainty Modes
to reduce run time and to allow for more iterations of the Uncertainty Mode.
16. Add a post-processor to automatically generate all outputs, such as G IS maps,
graphs, and tables.
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APPENDIX!
ISSUES RELATED TO GEOGRAPHIC INFORMATION SYSTEM

A Geographic lnfom1ation System (GIS) is software for mapping and ana lyzing
spatia l data. GIS comb ines the powerful capabilities of database systems with the
vi sualization capabilities of maps. The product of this combination is a powerful tool
that can be used in planning and a better-infom1ed decision making.
The use of GIS in LlFESim has several benefits such as the following:
I.

Better understanding of the nature of the study area.

2.

More precise calcu lation for inundation depth based on the Digital
Elevation Model (DEM) of the study area.

3.

Data avai lability as GIS layers such as census and topographic data.

4.

Enhancement of the resolution of loss-of-shelter categorization.

5.

A detailed evacuation model can be designed based on the road network
and linked to the system to perfonn dynamic transportation modeling.

6.

Better representation for the results to facilitate the process of decision
making.

7.

Precise identification of the most critica l locations in the study area, such
as areas prone to traffic jams.
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Effect of Grid Cell Size

Grid cell size affects the accuracy of the analysis results to some extent. A study
was made of the effect of the grid size used in the analysis on loss-of-she lter
categorization. Three grid cell sizes were used ( I Om , 30m, and 60m). The resu lts showed
minor variations in the percentage area assigned to each loss-of-shelter category.
However, the computational time for the finer I Om grid was almost ten times longer than
for the 30 m grid. ln addition, the finer grid used a very high portion of the computer
resources (memory and storage) compared with the coarser ones and this would require
using the virtual memory which is much slower than using on RAM. The decision to use
a specific ce ll size is dependent on the avai lability of data as well as the level of detail
that the user decides to use. A 30m grid was used for all runs reported herein.
The results shown in Tables 1-1 and 1-2 document the effects of grid cell size on
the percentage of loss-of-shelter categories for Communities A and B. The effect is very
small and less than I% in almost all cases. A with the coarser grids emerges when
dealing with relatively small spatial units. The GIS software may ignore assigning a value
for smaller spatial units if the spatial unit is smaller than the cell size. This case happens
usual ly in large metropolitan areas where census blocks at the downtown area are very
small. The user should check regularly for any missing assignment of analysis results to
such units and, in cases where census blocks are missed, a smaller cell size should be
considered.
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Tabl e J- 1. Effect of Grid Cell Size on Percentage of Loss-of-Shelter Categori es in
Community A
Compromi sed
Grid cell size

Safe Zone

Chance Zone
Zone

10m

30.94%

0.2 1%

67.85%

20 m

33 .13%

0.04%

66.94%

30 m

3 1.53%

0. 12%

67.57%

Tab le 1-2. Effect of Gri d Cell Size on Percentage of Loss-o f-Shelter Categories in
Community B
Comprom ised
Grid cell size

Chance Zone

Safe Zo ne
Zone

10 m

89.44%

1.80%

8.75%

20 m

89.42%

1.80%

8.75%

30 m

89.23 %

1.79%

8.97%
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APPENDIX II

LIST OF INPUTS AND SOFTWARE REQUIREMENTS

Table II-I_
Module

Internal and extemal model inputs and parameters
Input
working folder

input

user

Type

Source

Uncertainty Example
NIA

time of day

input

user

N

waning system

input

user

N

source of building damage

input

user

N

criteria

time of day activities

~arameter literature

N

Table 14

warning system adjustment
factor

parameter literature

N

Table 15

population

input

HA ZUS-MH Dbase

N

number of buildings by

input

HA ZUS-MH Dbase

N

occupancy class
fract ions of building types

input

HAZUS-MH Dbase

N

fraction of building nwnber of input

HA ZUS-MH Dbase

N

le vels categories

census blocks

input

census data

N

Figure 43

road network

input

census data

N

Figure 42

emergency shelters

input

Emergency

N

Figure 42

management

digital elevation model (DEM) input
water depth

input

USGS seamless
data
flood routing model

flo w ve locity

input

flood routing model

N

dam failure mode

input

user

N

inflow hydrograph

input

user

N

water depth grids
input
water velocity grid
input
buildiJlg collapse criteria
arameter
building submergence criteria parameter

GDP
GDP
literan1re
assumed

N

Figure 42

N

Figure 43

N

Figure 43

N

y
N

Table 5
Figure 29
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Table ll-1. Continued
Module

~
c

·~

~
~

UJ

"iii
~

E

~

3
0

::!,
~

:.:;

...
0

~

0

..J

Input

simulation time
time step
warning issuance time
dam failure time
wa ter depth and ve locity
!profile time
wa ter depth and velocity
road characteristics
warning curves
warning curve for high-rise

Source

Type
input
input
input
input
input

user
user
user
flood routing
flood routing

input
flood routing
input
census data
parameter HDP
parameter litera ture

buildings
mobilization curve
parameter
high-ri se building
input
percentage evacuating using input
ve hicles
percentage passenger cars of input
all vehicles
vehic le speed variat ion factor input
pedestrian speed va riation
input
factor
vehicle occupancy rate
input
passenger cars stability criteria !parameter
SUVs stability criteria
Iparameter
human stability criteria
Iparameter
Loss-of-shelter ca tegory
input
fract ions for building
Itype/number of levels/level
vertical Par distribution for
parameter
si ngle family dwellings
initia l population
input
frac tions building type and
inpu t
number of levels
fina l population in buildings input
hi gh- rise build ing final
input
p opulation
high-rise building loss-ofinput
shelter category per level
input
number of Par on the roads
loss-of-shelter ca tegory for
input
roads
Loss-of-life probability per
parameter
loss-of-shelter/flood zone
ca tegory

Uncertainty Exa mple
N/A
N/A
y
N
N
N
y
y
y

Figure 43
Table 13

y

Figure 39
Figure 36

literature
census/surveys
user/surveys

N
y

user/surveys

y

user
user

y
y

user
literature

y
y
y
y

literature
literature
loss of shelter
module

Figure 17

Figure 38

Figure 13
Figure 4

N

user/sur veys

N

HAZUS-MH/census
HDP

N
N

WE
WE

N
N

WE

N

WE
WE

N
N

Figure 59

litera ture

y

Figure 15

Figure 50
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Table ll-2.

Inputs file names and descriptions

File Name
Datadir.txt
d-v.tx t

Module
GOP

grid time. txt

WE

All

wa rnstage.txt

WE

evacdata.txt

WE

evac time.txt

WE

highri se.txt

WE

roadchar.txt

WE

warnl.txt

WE

mobilize l .txt

WE

veh- stab. txt
acti vit y. txt

WE
HDP

a I fa ctor. txt

HOP

modeparamete
rs. txt
vertica l-dist.tx t

HDP
LOL

h-stab.txt

LOL
WE

titl e. txt

PTD

Datadir.txt

All

Desc ription
Path for working folder
Water surface s tage and velocity profiles extracted from DAMBRK
output file . Columns represent each profile and rows represent cross
sections.
Profile times used in d-v.txt fil e in hours with time taken from the flood
routing model
Time of warning issuance relati ve to dam failure and time of fai lure
relative to profile times from fl ood routing model in gridtime.txt.
Inputs related to evacuation including split between vehicles and
pedestrians, spli t between passenger cars and SUYs, adjustment factors
for vehicles and pedestrians speeds, and vehicle occupancy rate (VOR).
Length of evacuation s imulation period (mins) and computational time
step (mins).
Information related to census blocks that has high-rise buildings: Blockid, the fraction of population in hi gh-rise buildings, time of internal
warning in hi gh-ri se buildings (mins), level he ight (ft), number of
leve ls, number of levels in that particular hi gh-rise leve l group, width of
emerge ncy stairs (ins), and vertical distribution of population (fraction
of the total population in the high-rise buildings that falls in that
particul ar hi gh-ri se level group) , and type of occupancy
(residentia Vcommercia l) defined as perecnatge of res ident ial , direction
of evacuation (up/down)
Road segment class ification including CFCC code, number of lanes,
free flo w speed ( ffs), and jam densi ty (Dj). From HC M
Warn ing diffus ion spec ific for residential part of the high-rise buildings
includes two co lunms time of warning (min), percentage wamed
Mobilization curve defined as the percent of Par mobilized over time
(sa me format as waml.txt)
SU V and car stability criteria (depth*velocity)
Population activity distribution at 2-hour interval for fraction at home ,
outdoors, workin g/shopping, and in transit.
Adjustment factors for warning system parameters based on activity
type (home, outdoo r etc) in different columns, and for six different
warning system types in rows.
Warn ing system parameters for all warning syste m types as de fined in
Table II (Parameters of Warning Diffusion).
Vertical distribution of Par in res idential buildings for 2, 3, and 4levels
bui ldings. Ro ws are for 2, 3, and 4 leve l buildings and the columns have
the fraction of population in each leve l (3 x 4 table)
Human stab ility criterion (depth*velocity). Just one number. For
uncertainty runs the names are h-stab???.txt where??? is iteration
number, the Unce rtainty Iterati o n Module picks these files removes???
and uses the data for the particular iteration.
T itles for population tracking diagram, including the name of the stud y
area and the nm case name in separate rows.
Path of working directo ry (data, mode l, outputs)
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Table Il-3 . Internal data files
From

Description

Module

To
Module

GDP

LOS

v-* l.asc

GDP

LOS

cva l. txt

GD P

WE

damagecr.tx t
evacout*. txt

HDP
WE

LOS
LOL

evacroads*.txt

WE

LOL

Number of peop le on the road in eac h evacuation mode and

highrise-out. txt
HR-fl*.txt

WE
WE

LOL
LOL

flood zone categ_or2' for road segments.
Number of people in each level of hi gh-rise buildings.
Number of people on high-rise stairs and loss-of-shelter

HR-lev* .txt

WE

LOL

lol-struc*. txt

LOL

results
PTD

lol-vf" .txt

LOL

los-sum.txt

LOS

results
PTD
LOL

pop.txt

HDP

ptdiagram*.txt

LOL

pval.txt
results* .txt
resu lts-sum* .txt
roadpass*.txt

GDP
PTD
PTD
WE

WE
LOL
results
PTD
WE
results
resu lts
results

sg-data.txt

GD P

WE

stfi d.txt
timeofda y. txt

HDP
HD P

tod-allres ults.txt
tpar*.txt

PTD
WE

HDP
HDP
WE
LOL
PTD
Results
LOL
PTD

File name
(* denotes
multiple files)
d-*J .asc

Water depth grids for the selec ted profil es throughout the
flooding event.
Velocity grids for the selected profiles throughout the fl ooding
event.

Depth and ve loc ity values for census block centroids for
selected ti me grids
Building damage criteria source binary (USACE, RES CDAM)
All evac uation outpu ts (numbe r of people) by census block
including warning, mobilization, and clearance.

ca tegories.

Number of people in high-ri se building leve ls and loss-ofshelter ca tegori es.
Loss-of-life in buildings by census block
Loss-of- life on roads by road segment

Summary of loss-of-shelter results by census block/building
type/number of levels/level (gives number of cells in each lossof-shelter category for each census block).
Original population by ce nsus block.
Summary results for population tracking diagram.
Depth and ve loc ity va lues for center points along road seg ments
Result s l:ry_census block for evacuation and loss-of-life
Sununary results
Number of people using road segments and time jammed and
time blocked
Data related to road segments, including length, origin census
block, destination shelter, and road class (CFCC code).
STFID, and Block ID codes for census blocks in stud y area.
Selected times of day.

Summary results for all times of day simulated
Number of people remaining in census blocks after flood
arri va l.
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Tabl e Il-4. Software and licensing requirements
Module
HDP

Required software

Progranuning Language

Requires license?

Visual BAS IC 6.0

None - Stand alone

None

Avenue (Arc View 3.2 script

Arc View 3.2a or higher

Yes

language)
GDP

LOS

Avenue

Visual BASIC 6.0
Avenue

WE

LOL

UDP

Arc View 3.2a or hi gher

Yes

Arc View Spatial Analyst

Yes

A reView 3-D Analyst

Yes

Arc Vi ew Network Analyst

Yes

Arc View Extension:

No (free from ESRJ

Po lygo n7 ce ntroid

website)

None - Stand alone

Arc View 3.2a or higher

Yes

Arc View Spatial Analyst

Yes

Visual BASIC 6.0

None - Srand alone

None

Visual BASIC 6.0

None - Stand alone

Avenue

A reView 3.2a or higher

Visual BASIC 6.0

None - Stand alone

RDK (@Risk De ve loper's

RDK

Kit)

Yes

Yes

252
APPEN DI X III

TERMINOLOGY

Bui lding damage state : classificati on of damage to bui ldings based on th e abi lity o f
building to provide shelter to population at ri sk.
Building number of leve ls category: categori zati on o f bui ldings based on their
number of levels.
Buildi ng occupancy type: classi fi cati on of buildi ngs based on the use o f the building.
Building performance: the expected level o f damage to building as a result o f its
ex posure to fl ood water.
Buildi ng Type: classifi cation of buildings based on construction materi als.
Census block : stati sti cal areas bounded on all sides by vi sible features such as streets,
roads, streams, and railroad tracks, and by invi sibl e boundari es such as
city, town, township, and county limits, and short imaginary extensions
o f streets and roads (US DC, 2002 REF).
Clearance time: Time required by Par to move outside fl ood inundation area.
Cleared : fraction of Par reaching emergency shelters.
Contagion wam ing process: the spreadin g of the waming message by means other
than the waming system in use.
OEM: Di gital Elevation Model; a spatial representation of land elevati ons above
mean sea level.
Em ergency manager: the person responsible for warning issuance and evacuation
pl a1ming.
Emergency pl anning zone: a subdivision of Par that could have different waming and
evacuation orders based on the fl ooding characteri sti cs.
Emergency shelter: a destination for the evacuating popu lation. It could be an exi t
from the fl ooding area or some other location on hi gher ground.
Excess evacuatio n time: the di ffe rence between the average warn ing ti me and the
representative evacuation time. (McC lell and , 2000)
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Fatality Rate: the ratio of lives lost due to flooding to the total population at risk.
Flood arrival: the time when the flood conditions cause instability of vehicles and
humans
Flood routing: estimation of spatial and temporal distributions of water depth and
flow velocity as a result of flooding or dam break.
Flood severity: a measure of flood forcefulness.
Flood zone: a division of the flood which has a unique life-loss distribution based on
the loss of shelter as well as flood water depth and velocity.
(McClelland, 2000)
GIS: Geographic Information System
Grid: A Grid is an object that stores spatial data in a locational (or raster) data fonnat
in which space is partitioned into square cells, and each cell stores a
numeric data value.
Haven: usually a safe place that can provide shelter from flood . (McClelland, 2000)
HBU: Homogenous Base Unit ; a subPar with homogenous characteristics.
(McClelland, 2000)
Loss of life: the number of death of any kind and at any location that can be attributed
directly to flooding without regard to whether or not the death would
have occurred had the dam not failed under the same loading.
Loss-of-shelter category: characterization of building according to the damage caused
by flood water. (McClelland, 2000)
Mobilization Time: the time taken from warning receiving to start of movement along
evacuation route.
Mobili zed: fraction of Par starting to move on road segments towards she lters,
Monte Carlo Simulation (MC): a methodology to derive probability distributions
using structured sampling experiments.
Par Type: the physical environment surrounding a given subPar or a fraction of a
subPar. (McClelland, 2000)
Population at risk (Par): the number of people for whom a darn failure is hazardous in
the sense that their lives are truly in jeopardy. (McClelland, 2000)
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Population Tracking Diagram : a diagram summarizing the results of a failure eventexposure scenario for the whole study area.
Representative evacuation ti me: the number of minutes taken to evacuate without the
evacuation being interrupted by the arrival of the flood. (McClelland,
2000)
Stay behind: fraction of Par which has not mobili zed.
Submergence: a water level inside the building that makes survival unlikely.
SubPar: homogenous subdivisions based on the major characteristics of Par.
(McClelland, 2000)
Threatened population {Tpar): the number of people present in the flood inundation
area when the flood wave arrives. (McClelland, 2000)
Time-of-day scenario: an estimate of the number of people during a specific time of
day who are involved in certain activities.
Tpar: Threatened Population; the peop le who remain at the flooded area when flood
arrives. (McC lelland, 2000)
Traffic jam: traffic congestion causing the speed of vehicles to drop sign ificantly. It
occurs when the number of vehicles on a road segment exceeds the jam
density for that segment.
Trapped: fraction of Par which has mobilized but which are exposed to flooding that
exceeds car instability criteria if their evacuation mode is vehicles (cars
and SUVs), or that exceeds pedestrian instability criteria if they are
evacuating on foot.
Vehicle occupancy rate: the average number of people in each vehic le used for
evacuation.
Vertical Relocation: moving upstairs in a bui ld ing to avoid contact wi th flood water.
Wamed: the fraction of Par receiving a warning before flood arrival,
Waming effecti veness: the level of success of a waming campaign to mobilize a
community for evacuation.
Waming time: the difference in time from when the first waming is given of a dam
break or an impending dam break and the time of the leading edge of
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potentially lethal flood waters first arrive at the leading edge of a Par.
(McClelland, 2000)
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